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7KHZRUNGHVFULEHGLQWKLVWKHVLVZDVSHUIRUPHGDWWKH)20,QVWLWXWHIRU$WRPLF
DQG0ROHFXODU3K\VLFV.UXLVODDQ6-$PVWHUGDP7KH1HWKHUODQGV,W
LVSDUWRI WKHUHVHDUFKSURJUDPRIWKH)RXQGDWLRQIRU)XQGDPHQWDO5HVHDUFKRQ
0DWWHU )20 DQG ZDV PDGH SRVVLEOH E\ ILQDQFLDO VXSSRUW IURP WKH ’XWFK
2UJDQL]DWLRQ IRU WKH$GYDQFHPHQW RI5HVHDUFK 1:2 DQG WKH(635,7EDVLF
UHVHDUFKSURJUDP6&223RIWKH(XURSHDQ8QLRQ
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
7KH HUD RI RSWLFDO WHOHFRPPXQLFDWLRQ VWDUWHG LQ WKH ODWH ¶V ZLWK WKH
LQWURGXFWLRQRIKLJKTXDOLW\RSWLFDO ILEHUV)URPWKDWPRPHQWRQRSWLFDO ILEHUV
KDYH LQFUHDVLQJO\ UHSODFHG WKH WUDGLWLRQDO FRD[ FDEOH IRU ORQJ GLVWDQFH
WHOHFRPPXQLFDWLRQ DQG WUDQVPLVVLRQ VSHHGV RI RYHU 7ELWV FDQ QRZ EH
DFKLHYHGRYHURQHVLQJOHRSWLFDOILEHU7KLVHQRUPRXVVXFFHVVFDQEHDWWULEXWHG
WRWZRPDMRUGHYHORSPHQWV7KHILUVWRQHLVWKHUHGXFWLRQRIWUDQVPLVVLRQORVVHV
LQRSWLFDOILEHUVWRDERXWG%NPDWDZDYHOHQJWKRIQP7KHVHFRQGLV
WKH GHYHORSPHQW RI WKH HUELXPGRSHG ILEHU DPSOLILHU ZKLFK FDQ DPSOLI\ WKH
RSWLFDOVLJQDOZLWKRXWHOHFWURQLFFRQYHUVLRQ WKXVHQDEOLQJKLJKELWUDWHV7KHVH
ILEHU DPSOLILHUV DUH W\SLFDOO\  P ORQJ ZKLFK LV QR SUREOHP LQ ORQJUDQJH
DSSOLFDWLRQV+RZHYHU IRUFRPSOH[KLJKGHQVLW\FLUFXLWU\VXFKDVZLOOEHXVHG
LQ IXWXUH ILEHUWRWKHKRPHDSSOLFDWLRQV WKH\ DUH LPSUDFWLFDO7KLVDVNV IRU WKH
GHYHORSPHQWRILQWHJUDWHGSODQDURSWLFDODPSOLILHUV
 ,QWHJUDWHGRSWLFV
,Q RSWLFDO WHOHFRPPXQLFDWLRQ V\VWHPV OLJKW LV XVHG WR WUDQVSRUW LQIRUPDWLRQ
EHWZHHQ GLIIHUHQW XVHUV 7R PDQLSXODWH WKH RSWLFDO VLJQDOV RQ D ORFDO VFDOH
GHYLFHV OLNH VSOLWWHUV FRXSOHUV PXOWLSOH[HUV DQG DPSOLILHUV DUH QHHGHG 6XFK
GHYLFHVFDQEHUHDGLO\PDGHDQGLQWHJUDWHGRQRQHSODQDUVXEVWUDWHDWHFKQRORJ\
FDOOHGLQWHJUDWHGRSWLFV7KHEDVLFHOHPHQWLQDSKRWRQLFLQWHJUDWHGFLUFXLWLVWKH
SODQDU RSWLFDO ZDYHJXLGH VHH )LJ  ,W FRQVLVWV RI D KLJK UHIUDFWLYH LQGH[
JXLGLQJ OD\HU ZLWK D ULGJH JHRPHWU\ VDQGZLFKHG EHWZHHQ WZR ORZHULQGH[
FODGGLQJOD\HUV7KHWHOHFRPPXQLFDWLRQVLJQDOWUDYHOVWKURXJKWKHJXLGLQJOD\HU
DQGLVFRQILQHGLQWKHWUDQVYHUVHGLUHFWLRQVDVDUHVXOWRIWRWDOLQWHUQDOUHIOHFWLRQ
DWWKHLQWHUIDFHEHWZHHQFRUHDQGFODGGLQJ
  &KDSWHU
2SWLFDO ORVVHV LQ WKH ZDYHJXLGH DEVRUSWLRQ VFDWWHULQJ FRXSOLQJ ORVVHV RU
LQWULQVLF LQWHQVLW\ ORVV LQ RSWLFDO VSOLWWHUV FDOO IRU WKH LQWHJUDWLRQ RI RSWLFDO
DPSOLILHUV LQ SKRWRQLF LQWHJUDWHG FLUFXLWV 7KHVH FDQ EH PDGH E\ GRSLQJ WKH
JXLGLQJ OD\HUZLWKDQDFWLYHHOHPHQW WKDW LISXPSHGSURSHUO\JLYHVULVH WR WKH
RSWLFDO JDLQ 7KLV WKHVLV ZLOO GLVFXVV WKH RSWLFDO SURSHUWLHV RI SRO\PHU RSWLFDO
DPSOLILHUVGRSHGZLWKUDUHHDUWKLRQVDVWKHDFWLYHHOHPHQW
 5DUHHDUWKLRQVDVWKHDFWLYHHOHPHQW
7ULYDOHQW UDUHHDUWK LRQV DUH ZHOO NQRZQ IRU WKHLU VSHFLDO RSWLFDO SURSHUWLHV
ZKLFK UHVXOW IURP WKH IDFW WKDW WKH HOHFWURQV RI WKH SDUWLDOO\ ILOOHG IVKHOO DUH
VKLHOGHG IURP WKH VXUURXQGLQJ FRPSOHWHO\ ILOOHG V DQG S VKHOOV 7KH HQHUJ\
OHYHOVRIWKHIVKHOOKDYHHTXDOSDULW\DQGKHQFHHOHFWULFGLSROHWUDQVLWLRQVDUH
IRUELGGHQ,QDVROLGWKHVOLJKWPL[LQJZLWKRGGSDULW\ZDYHIXQFWLRQVPDNHVWKH
WUDQVLWLRQ VOLJKWO\ DOORZHG 7KH DEVRUSWLRQ DQG HPLVVLRQ FURVV VHFWLRQV DUH
WKHUHIRUH VPDOO DQG WKH OXPLQHVFHQFH OLIHWLPHV FDQ EH TXLWH ORQJ PV 7KH
LQIOXHQFHRI WKHHOHFWULF ILHOGDURXQG WKH LRQUHPRYHV WKHGHJHQHUDF\RI WKHI
OHYHOV UHVXOWLQJ LQ D 6WDUNVSOLWWLQJ RI WKH HQHUJ\ OHYHOV +RZHYHU GXH WR WKH
VKLHOGLQJ E\ WKH RXWHU O\LQJ VKHOOV WKH PDJQLWXGH RI WKH VSOLWWLQJ LV VPDOO
UHVXOWLQJLQUHODWLYHO\QDUURZHPLVVLRQOLQHVRIZKLFKWKHZDYHOHQJWKLVDOPRVW
LQGHSHQGHQWRIWKHKRVWPDWHULDO
7KH HQHUJ\ OHYHOV RI WKH IVKHOO DULVH IURP VSLQVSLQ DQG VSLQRUELW
LQWHUDFWLRQV

 DQG DUH RIWHQ GHQRWHG XVLQJ 5XVVHO6DXQGHUV QRWDWLRQ
6
/- LQ
ZKLFK 6 LV WKH WRWDO VSLQLPSXOVH PRPHQWXP / WKH WRWDO RUELWDO DQJXODU
PRPHQWXP DQG - WKH WRWDO DQJXODU PRPHQWXP 7KHUH H[LVW  UDUHHDUWK
HOHPHQWVWKDWDOOKDYHDGLIIHUHQWQXPEHURIHOHFWURQVLQWKHLQFRPSOHWHO\ILOOHG
IVKHOO$VD UHVXOWHDFKUDUHHDUWK LRQKDV LWVRZQVSHFLILFHQHUJ\ OHYHOVDQG
KHQFH W\SLFDO OXPLQHVFHQFH OLQHV 7KH UDUHHDUWK LRQV HUELXP (U DQG
)LJXUH  &KDQQHO ZDYHJXLGH VWUXFWXUH IRU LQWHJUDWHG RSWLFV DSSOLFDWLRQV $ KLJK
UHIUDFWLYH LQGH[ JXLGLQJ OD\HU LV HPEHGGHG EHWZHHQ ORZLQGH[ FODGGLQJ OD\HUV 7KH
PXOWLOD\HU VWUXFWXUH FDQ HJ EH PDGH RQ WRS RI D VLOLFRQ VXEVWUDWH
FODGGLQJ
ZDYHJXLGH
FODGGLQJ
6L VXEVWUDWH
,QWURGXFWLRQ


QHRG\PLXP 1G KDYH WUDQVLWLRQV DW PPDQG PP UHVSHFWLYHO\ZKLFK
DUHWZRVWDQGDUGZDYHOHQJWKVXVHGLQRSWLFDOWHOHFRPPXQLFDWLRQ
,QRUGHUWRDFKLHYHRSWLFDOJDLQXVLQJWKHVHUDUHHDUWKLRQVWKHLRQLVILUVW
H[FLWHGIURPWKHJURXQGVWDWHLQWRDKLJKHUO\LQJVWDWH)URPWKHUHLWFDQGHFD\WR
WKHOXPLQHVFHQWVWDWHIURPZKLFKLWFDQUHWXUQWRDORZHUO\LQJVWDWHE\HPLVVLRQ
RIDSKRWRQ ,I WKHSXPSUDWH LVKLJKHQRXJKSRSXODWLRQ LQYHUVLRQEHWZHHQ WKH
WZR OHYHOV LQYROYHG LQ WKHHPLVVLRQEXLOGVXS$ WHOHFRPPXQLFDWLRQVLJQDOFDQ
WKHQLQGXFHVWLPXODWHGHPLVVLRQLQWKHUDUHHDUWKLRQUHVXOWLQJLQDPSOLILFDWLRQRI
WKHVLJQDO
 7KHKRVWPDWHULDO
$V DOUHDG\ PHQWLRQHG WKH FKRLFH RI KRVW PDWHULDO LQ UDUHHDUWK GRSHG RSWLFDO
ZDYHJXLGHDPSOLILHUVGRHVQRWLQIOXHQFHWKHSRVLWLRQRIWKHHQHUJ\OHYHOVRIWKH
UDUHHDUWK LRQV7KHUHIRUH LQSULQFLSOHDQ\PDWHULDO WKDWKDV OLWWOHDEVRUSWLRQDW
WKH SXPS DQG HPLVVLRQ ZDYHOHQJWKV FDQ EH XVHG 0DQ\ GLIIHUHQW UDUHHDUWK
GRSHG LQRUJDQLF PDWHULDOV KDYH EHHQ VWXGLHG OLNH HJ SXUH 6L2 VLOLFDWH DQG
SKRVSKDWHJODVVHV/L1E2DQG$O2

DQGLQVRPHFDVHVRSWLFDOJDLQKDVEHHQ
DFKLHYHG2QO\UHFHQWO\ WKHXVHRISRO\PHUV LQRSWLFDOZDYHJXLGHDPSOLILHUV LV
EHLQJFRQVLGHUHG
7KHJURZLQJLQWHUHVW LQSRO\PHUVIRUXVHLQLQWHJUDWHGRSWLFVVWHPVIURP
WKH SRWHQWLDO RI PDVV SURGXFWLRQ RI ORZFRVW GHYLFHV RQ SODQDU VXEVWUDWHV
FRPELQHG ZLWK WKH ZLGH UDQJH RI RSWLFDO SURSHUWLHV DYDLODEOH IRU VSHFLILF
DSSOLFDWLRQV 3RO\PHUV GHYHORSHG IRU XVH LQ RSWLFDO WHOHFRPPXQLFDWLRQ
DSSOLFDWLRQV LQFOXGHDFU\ODWHVSRO\LPLGHVDQGROHILQV

7KHUHIUDFWLYH LQGH[RI
WKHVH SRO\PHUV FDQ EH WXQHGZLWK DQ DFFXUDF\ RI OHVV WKDQ  E\ EOHQGLQJ
DQGFRSRO\PHUL]DWLRQ
/RZ RSWLFDO DEVRUSWLRQ LV RQH RI WKH PDMRU UHTXLUHPHQWV IRU WKH KRVW
PDWHULDO ,Q SRO\PHUV RSWLFDO DEVRUSWLRQ LV FDXVHG E\ ERWK PROHFXODU RU
SRO\PHULFHOHFWURQLFH[FLWHGVWDWHVDQGE\IXQGDPHQWDODQGRYHUWRQHYLEUDWLRQV
RI PROHFXODU ERQGV 7KH PRVW LPSRUWDQW DEVRUSWLRQV LQ WKH RSWLFDO
WHOHFRPPXQLFDWLRQZLQGRZDUHGXHWRYLEUDWLRQDOVWDWHVRI2+DQG&+ERQGV
6LQFH WKH HQHUJ\ RI WKH YLEUDWLRQ LV LQYHUVHO\ UHODWHG WR WKH UHGXFHG PDVV
VXEVWLWXWLRQ RI WKH K\GURJHQ DWRPV E\ GHXWHULXP IOXRULQH RU FKORULQH UHGXFHV
WKH HQHUJ\ RI WKH IXQGDPHQWDO YLEUDWLRQ VKLIWLQJ WKH DEVRUSWLRQ RXW RI WKH
WHOHFRPPXQLFDWLRQZLQGRZ)RUH[DPSOHDIOXRULQDWHGSRO\PHUZDYHJXLGHFDQ
KDYHORVVHVEHORZG%FPDWPP

ZKLFKLVZHOODFFHSWDEOHIRULQWHJUDWHG
RSWLFVGHYLFHVZLWKFPOHQJWKVFDOHV
3RO\PHU ZDYHJXLGH VWUXFWXUHV FDQ EH PDGH E\ VHYHUDO WHFKQLTXHV
3KRWRVHQVLWLYH SRO\PHUV FDQ EH XVHG WKDW DUH PDGH E\ DGGLQJ SKRWRVHQVLWLYH
SRO\PHULVDWLRQLQLWLDWRUVWRWKHPRQRPHUPL[WXUHV7KHSDWWHUQLQJRIWKHGHYLFH
LV WKHQGRQHE\ LOOXPLQDWLRQZLWKXOWUDYLROHW OLJKW WKURXJKDPDVNRUE\GLUHFW
  &KDSWHU
ODVHU ZULWLQJ ,Q ERWK FDVHV WKH OLJKW LQGXFHV D SRO\PHULVDWLRQ UHDFWLRQ LQ WKH
H[SRVHGUHJLRQ7KHXQUHDFWHGPDWHULDOFDQEHUHPRYHGXVLQJDFRQYHQWLRQDOZHW
HWFK SURFHVV 3RO\PHU ZDYHJXLGHV FDQ DOVR EH GHILQHG XVLQJ VWDQGDUG UHDFWLYH
LRQ HWFKLQJ WHFKQLTXHV WKDW DUH NQRZQ WR \LHOG ZHOOGHILQHG VWUXFWXUHV ZLWK
VPDOOVLGHZDOOURXJKQHVV0RUHUHFHQWO\WKHVRIWHPERVVLQJWHFKQLTXHKDVEHHQ
GHYHORSHG VHH )LJ  ,W HPSOR\V DQ XOWUDYLROHWWUDQVSDUHQW UHSOLFD RI WKH
ZDYHJXLGHVWUXFWXUHZKLFKLV LPSUHVVHGLQWRWKHOLTXLGPRQRPHUZKLFKLVWKHQ
LOOXPLQDWHGZLWKXOWUDYLROHWOLJKW$IWHUWKHSRO\PHULVDWLRQUHDFWLRQWKHUHSOLFDLV
UHPRYHG :DYHJXLGHV DUH WKHQ IRUPHG E\ VSLQFRDWLQJ WKH JXLGLQJ OD\HU RQWR
WKLVLPSULQWHGFODGGLQJOD\HUWKXVGHILQLQJDULGJHVWUXFWXUHZKHUHXSRQDVHFRQG
FODGGLQJOD\HULVGHSRVLWHG
 7KLVWKHVLV
5DUHHDUWK LRQV DUH LQVROXEOH LQ D SRO\PHU ILOP 7KLVPDNHV WKH IDEULFDWLRQ RI
UDUHHDUWK GRSHG SRO\PHU ZDYHJXLGHV PXFK PRUH FRPSOLFDWHG WKDQ WKDW RI
LQRUJDQLFZDYHJXLGHV ,Q WKH ODWWHUFDVH WKH UDUHHDUWK LRQVFDQEH LQFRUSRUDWHG
UDWKHUHDVLO\XVLQJHJLRQLPSODQWDWLRQPHOWLQJRUGHSRVLWLRQ,QWKLVWKHVLVZH
KDYH WDNHQ XS WKH FKDOOHQJH WR VROYH WKH GRSLQJ SUREOHP LQ SRO\PHUV XVLQJ D
YDULHW\RIWHFKQLTXHV&KDSWHULQWURGXFHVDQ(UGRSHGRUJDQLFSRO\GHQWDWHFDJH
FRPSOH[ZKLFK HQFDSVXODWHV WKH UDUHHDUWK LRQ DQGPDNHV LWGLVVROYDEOH LQWRD
SRO\PHU PDWUL[ 7KH RSWLFDO SURSHUWLHV RI WKHVH FRPSOH[HV LQ VROXWLRQ DUH
VWXGLHG DQG LW LV IRXQG WKDW WKH HPLVVLRQ EDQGZLGWK LV YHU\ ODUJH +RZHYHU
YLEUDWLRQDO FRXSOLQJ WR2+ DQG&+ ERQGV LQ WKH VROYHQW SDUWO\ TXHQFKHV WKH
RSWLFDO WUDQVLWLRQ ,Q &KDSWHU  WKH RSWLFDO SURSHUWLHV RI D OLVVDPLQH
IXQFWLRQDOLVHG RUJDQLF 1G FRPSOH[ GRSHG LQWR D SRO\FDUERQDWH ZDYHJXLGH DUH
)LJXUH  6FKHPDWLF SUHVHQWDWLRQ RI WKH VRIW HPERVVLQJ SURFHVV IRU WKH IDEULFDWLRQ RI
SRO\PHU ZDYHJXLGHV
89LOOXPLQDWLRQ
UHSOLFD
OLTXLG PRQRPHU
FODGGLQJ
FODGGLQJ
ZDYHJXLGH FRUH
,QWURGXFWLRQ


VWXGLHG 8SRQ RSWLFDO H[FLWDWLRQ WKH KLJKO\ DEVRUELQJ OLVVDPLQH EHFRPHV
H[FLWHGZKHUHXSRQ’H[WHUHQHUJ\WUDQVIHUWRWKH1G

LRQRFFXUV7KHHIIHFWLYH
DEVRUSWLRQFURVVVHFWLRQRI WKLVSURFHVV LVIRXURUGHUVRIPDJQLWXGHKLJKHU WKDQ
WKDWIRUGLUHFWRSWLFDOH[FLWDWLRQRIWKH1G7KHOLVVDPLQHVHQVLWLVHULVQRWVWDEOH
XQGHULOOXPLQDWLRQ7KLVLVVWXGLHGLQPRUHGHWDLOLQ&KDSWHULQZKLFKDPRGHO
LV SURSRVHG WR GHVFULEH WKH REVHUYHG WLPHGHSHQGHQFH RI WKH OLVVDPLQH DQG1G
OXPLQHVFHQFH LQWHQVLWLHV 7KH KLJKO\ DEVRUELQJ VHQVLWLVHU PDNHV WKH VWDQGDUG
EXWWHQGFRXSOLQJRIWKHSXPSOLJKWLQWRDZDYHJXLGHDPSOLILHULPSUDFWLFDO)RU
WKLV UHDVRQ D QHZ ZDYHJXLGH FRQILJXUDWLRQ LV LQWURGXFHG LQ &KDSWHU  ZKLFK
JUDGXDOO\ FRXSOHV SXPS OLJKW IURPRQHZDYHJXLGH LQWR DSDUDOOHOSODFHG VLJQDO
JXLGH ,Q WKLVZD\ WKH SXPS SRZHU FDQ EH XVHGPRUH HIILFLHQWO\ 7KH FRXSOHG
PRGHWKHRU\IRUWKLVGHVLJQLVGHVFULEHG
7R VROYH WKH TXHQFKLQJ SUREOHP RI WKH UDUHHDUWK WUDQVLWLRQ D QDQR
FRPSRVLWH PDWHULDO LV GHYHORSHG WKDW WDNHV DGYDQWDJH RI WKH JRRG RSWLFDO
SURSHUWLHV RI VLOLFD DV D KRVW IRU WKH UDUHHDUWK LRQ DQG WKH SRO\PHU DV D
ZDYHJXLGHPDWHULDO,QWKLVFRPSRVLWH(UGRSHGVLOLFDFROORLGVDUHHPEHGGHGLQ
DSRO\PHUZDYHJXLGH)LUVWWKHRSWLFDOSURSHUWLHVRI(UGRSHGVLOLFDILOPVPDGH
E\DQDFLGFDWDO\VHGFKHPLFDOUHDFWLRQDUHVWXGLHGLQ&KDSWHULQRUGHUWRVWXG\
LI WKH RSWLFDO SURSHUWLHV RI(U LRQV LQ DPDWHULDOPDGH XVLQJZHW FKHPLVWU\ DUH
VLPLODUWRWKDWLQHJDJODVVILEHU$KLJKOXPLQHVFHQFHTXDQWXPHIILFLHQF\FDQ
EHDFKLHYHGLIWKHSURSHUDQQHDOLQJSURFHGXUHLVFKRVHQ1H[W6L2FROORLGVDUH
IDEULFDWHG XVLQJ EDVHFDWDO\VHGZHW FKHPLFDO V\QWKHVLV DQG LPSODQWHGZLWK(U
LRQV&KDSWHUUHSRUWVWKHSURSHUWLHVRIWKHVH(UGRSHGVLOLFDVSKHUHV9HU\ORQJ
OXPLQHVFHQFH OLIHWLPHV DUH IRXQG ZKLFK LV SDUWO\ DWWULEXWHG WR WKH ORZ ORFDO
RSWLFDOGHQVLW\RIVWDWHVLQWKHVHFROORLGVDVGHVFULEHGLQ&KDSWHU,Q&KDSWHU
LWLVVKRZQWKDWUDUHHDUWKGRSHGSRO\PHUVFDQDOVREHH[FLWHGHOHFWULFDOO\1HDU
LQIUDUHGHOHFWUROXPLQHVFHQFHLVREVHUYHGIRUD OLVVDPLQHVHQVLWLVHG1GFRPSOH[
GRSHGSRO\PHUOLJKWHPLWWLQJGLRGH,WLVIRXQGWKDWWKHVHQVLWLVHUSOD\VDFUXFLDO
UROH LQ WKH HQHUJ\ WUDQVIHU SURFHVV )LQDOO\ &KDSWHU  GLVFXVVHV WKH YDULRXV
WHFKQRORJLFDO UHTXLUHPHQWV WKDW PXVW EH PHW WR IDEULFDWH DQ RSWLFDOO\ RU
HOHFWULFDOO\SXPSHGUDUHHDUWKGRSHGSRO\PHUEDVHGSODQDURSWLFDODPSOLILHU
7R VXPPDULVHZH VROYH LQ WKLV WKHVLV WKH SUREOHP RI GRSLQJ UDUHHDUWK
LRQV LQWR SRO\PHUV E\ GHYHORSLQJ DQ RUJDQLF FRPSOH[ HQFDSVXODWLQJ WKH UDUH
HDUWKLRQ7KHTXHQFKLQJE\&+ERQGVLQWKHFRPSOH[OHDGVWRWKHGHYHORSPHQW
RIVHQVLWLVHGFRPSOH[HVDQGDVLOLFDFROORLGSRO\PHUQDQRFRPSRVLWHPDWHULDO$
QHZSXPSLQJPHFKDQLVPGHVLJQHG WRSXPSWKHVWURQJO\DEVRUELQJVHQVLWLVHU LV
PRUHHIILFLHQWO\$QGILQDOO\LWZLOOEHVKRZQWKDW1GFDQEHHOHFWULFDOO\H[FLWHG
E\GRSLQJWKHVHQVLWLVHGRUJDQLFFRPSOH[HVLQWRDVHPLFRQGXFWLQJSRO\PHU
  &KDSWHU
5HIHUHQFHV


6 +IIQHU 2SWLFDO 6SHFWUD RI 7UDQVSDUHQW 5DUH(DUWK &RPSRXQGV $FDGHPLF 1HZ <RUN


IRU D UHYLHZ VHH 3 * .LN DQG $ 3ROPDQ 056 %XOOHWLQ   

IRU D UHYLHZ VHH / (OGDGD DQG / : 6KDFNOHWWH ,((( - 6HOHFWHG WRSLFV LQ 4XDQWXP
(OHFWU   
2SWLFDOSURSHUWLHVRIHUELXP
GRSHGRUJDQLFSRO\GHQWDWHFDJH
FRPSOH[HV
2SWLFDO SURSHUWLHV RI GLIIHUHQW HUELXPGRSHG SRO\GHQWDWH KHPLV
SKHUDQG RUJDQLF FDJH FRPSOH[HV DUH VWXGLHG IRU XVH LQ SRO\PHU
EDVHGSODQDURSWLFDODPSOLILHUV5RRPWHPSHUDWXUHPPSKRWROX
PLQHVFHQFH LV REVHUYHG GXH WR DQ LQWUDI WUDQVLWLRQ LQ WKH HUELXP
(ULRQ7KH(U

LRQLVGLUHFWO\H[FLWHGDWQPLQWRRQHRIWKHI
PDQLIROGVRULQGLUHFWO\DWQPYLDWKHDURPDWLFSDUWRIWKHFDJH
7KH OXPLQHVFHQFH VSHFWUXP LV  QP ZLGH IXOO ZLGWK DW KDOI
PD[LPXP WKH KLJKHVW NQRZQ IRU DQ\ (U

GRSHG PDWHULDO 7KH
DEVRUSWLRQFURVVVHFWLRQDWPPLVu

FP

KLJKHUWKDQLQ
PRVW RWKHU (U

GRSHGPDWHULDOV0HDVXUHPHQWVZHUH SHUIRUPHG RQ
FRPSOH[HVLQ.%UWDEOHWVLQZKLFKWKHFRPSOH[LVLQWKHIRUPRIVPDOO
FU\VWDOOLWHV RU GLVVROYHG LQ GLPHWK\OIRUPDPLGH DQG EXWDQRO2’ ,Q
.%UWKHOXPLQHVFHQFHOLIHWLPHPVSRVVLEO\GXHWRFRQFHQWUDWLRQ
TXHQFKLQJHIIHFWV,QEXWDQRO2’VROXWLRQWKHOLIHWLPHLVPVVWLOO
ZHOOEHORZWKHUDGLDWLYHOLIHWLPHRIPVHVWLPDWHGIURPWKHPHDVXUHG
DEVRUSWLRQFURVVVHFWLRQV,WLVVKRZQWKDWTXHQFKLQJE\&+ERQGVLV
QRW WKH PDMRU TXHQFKLQJ PHFKDQLVP RI WKH (U

 OXPLQHVFHQFH DQG
WKDW WHPSHUDWXUH TXHQFKLQJ LV YHU\ VPDOO 7KHUHIRUH DQ DOWHUQDWLYH
TXHQFKLQJ PHFKDQLVP PXVW WDNH SODFH SUHVXPDEO\ GXH WR WKH
SUHVHQFHRI2+JURXSVRQWKH(U

FRPSOH[)LQDOO\DFDOFXODWLRQLV
PDGH RI WKH JDLQ SHUIRUPDQFH RI D SODQDU SRO\PHU ZDYHJXLGH
DPSOLILHU EDVHG RQ WKHVH (U

FRPSOH[HV UHVXOWLQJ LQ D WKUHVKROG
SXPSSRZHURIP:DQGDW\SLFDOJDLQRIG%FP
  &KDSWHU
 (UGRSHGRUJDQLFFRPSOH[HV
(UELXP (U GRSHGPDWHULDOV KDYH DWWUDFWHG D ORW RI DWWHQWLRQ EHFDXVH RI WKHLU
SRWHQWLDO DSSOLFDWLRQV LQ RSWRHOHFWURQLFV  ,Q LWV WULYDOHQW VWDWH WKH (U LRQ
VKRZVDQLQWUDIVKHOOWUDQVLWLRQIURPLWVILUVWH[FLWHGVWDWH,WRWKHJURXQG
VWDWH , ZKLFK RFFXUV DW D ZDYHOHQJWK RI  PP ,Q WKH IUHH (U
 LRQ
RSWLFDOLQWUDIVKHOOWUDQVLWLRQVDUHSDULW\IRUELGGHQ,QFRUSRUDWHGLQDVROLGKRVW
KRZHYHU WKH FU\VWDO ILHOG RI WKH KRVW LQGXFHV PL[LQJ RI VWDWHV ZKLFK PDNHV
VRPHRIWKHWUDQVLWLRQVDOORZHG7KHVHRSWLFDOWUDQVLWLRQVDUHUDWKHUVKDUSGXHWR
WKHIDFWWKDWWKHSDUWLDOO\ILOOHGIVKHOOLVVKLHOGHGE\ILOOHGVDQGSVKHOOV7KH
OXPLQHVFHQFH OLIHWLPH RI WKH ILUVW H[FLWHG VWDWH FDQ EH DV ORQJ DV VHYHUDO
PLOOLVHFRQGV7KHVHIHDWXUHVPDNH(UGRSHGPDWHULDOVYHU\DWWUDFWLYHIRUODVHUV
DQG RSWLFDO DPSOLILHUV RSHUDWLQJ DW  PP RQH RI WKH VWDQGDUG WHOHFRP
PXQLFDWLRQZDYHOHQJWKV
(UGRSHGSODQDURSWLFDODPSOLILHUVKDYHDOUHDG\EHHQGHPRQVWUDWHGXVLQJ
VLOLFD $O2
 DQG /L1E2
 KRVWV +RZHYHU DV SRO\PHU ZDYHJXLGHV DUH
EHFRPLQJ PRUH LPSRUWDQW ERWK DV ILEHUV DQG LQ WKLQ ILOP FRQILJXUDWLRQV LW LV
LQWHUHVWLQJ WR VWXG\ WKH GRSLQJ RI SODQDU SRO\PHU ZDYHJXLGHV ZLWK (U DQG WR
LQYHVWLJDWH LI RSWLFDO DPSOLILFDWLRQ FDQ EH DFKLHYHG 6XFK SRO\PHU DPSOLILHUV
FRXOG WKHQ EH LQWHJUDWHG LQ H[LVWLQJ RSWLFDO SRO\PHU GHYLFHV VXFK DV VSOLWWHUV
VZLWFKHVDQGPXOWLSOH[HUVZLWKORZFRXSOLQJORVVHV
7KHLQRUJDQLF(UVDOWVFDQQRWEHGLVSHUVHGGLUHFWO\LQWRDQRUJDQLFPDWUL[
7R DYRLG WKLV SUREOHP WKH (U LRQ PXVW ILUVW EH HQFDSVXODWHG E\ DQ RUJDQLF
OLJDQG 7KH UHVXOWLQJ FRPSOH[ FDQ WKHQ EH GLVSHUVHG LQ D SRO\PHU ILOP 7KH
OLJDQGKDVWREHGHVLJQHGVXFKWKDWLWSURYLGHVHQRXJKFRRUGLQDWLRQVLWHVWRELQG
WKH(ULRQDQGWRIRUPDVWDEOHFRPSOH[)XUWKHUPRUHLWPD\VHUYHWRVKLHOGWKH
(U LRQ IURP LPSXULWLHV LQ WKH VXUURXQGLQJ PDWUL[ WKDW PD\ TXHQFK WKH
OXPLQHVFHQFH )RU H[DPSOH2+ LV NQRZQ WR TXHQFK WKH OXPLQHVFHQFH GXH WR
FRXSOLQJRIWKHH[FLWHGVWDWHRIWKHLRQWRYLEUDWLRQDOPRGHVRIWKH2+ERQG
,Q WKLV &KDSWHU ZH VWXG\ WKH RSWLFDO SURSHUWLHV RI GLIIHUHQW (UGRSHG
SRO\GHQWDWHKHPLVSHUDQGVZKLFK IRUPDQRYHUDOOQHXWUDOFRPSOH[ LQZKLFK WKH
(U LRQ LV HQFDSVXODWHG LQ D FDJHOLNH OLJDQG FRQILJXUDWLRQ &OHDU URRP
WHPSHUDWXUHSKRWROXPLQHVFHQFHDWPPLVREVHUYHGIRUWKHVHFRPSOH[HVZLWK
D OXPLQHVFHQFH OLIHWLPH XS WR  PV 6HOHFWLYH GHXWHUDWLRQ H[SHULPHQWV DUH
FDUULHGRXWWRVWXG\WKHSRVVLEOHTXHQFKLQJHIIHFWRI&+ERQGV([FKDQJLQJ&+
IRU&’KDVVKRZQWREHEHQHILFLDOIRU(X
7ZRGLIIHUHQW W\SHVRIH[FLWDWLRQDUH VWXGLHGGLUHFW H[FLWDWLRQ LQRQHRI
WKH(UPDQLIROGVXVLQJDQP$UODVHUDQGH[FLWDWLRQYLDWKHRUJDQLFOLJDQG
XVLQJ D  QP 1 ODVHU IROORZHG E\ HQHUJ\ WUDQVIHU WR WKH (U
 LRQ VHH
)LJ 7KH WHPSHUDWXUH TXHQFKLQJ RI WKH OXPLQHVFHQFH DQG WKH RSWLFDO
2SWLFDOSURSHUWLHVRI(U

GRSHGRUJDQLFSRO\GHQWDWHFDJHFRPSOH[HV 


DEVRUSWLRQFURVVVHFWLRQVDUHGLVFXVVHGDQGILQDOO\DSHUIRUPDQFHHVWLPDWHIRUD
SODQDURSWLFDODPSOLILHUEDVHGRQWKHVH(UGRSHGFRPSOH[HVLVPDGH
 ([SHULPHQW
7KUHH GLIIHUHQW (U FRPSOH[HV ZHUH SUHSDUHG LQ D PXOWLVWHS V\QWKHVLV DV
GLVFXVVHGLQGHWDLOLQ5HIDQGFKDUDFWHULVHGE\IDVWDWRPERPEDUGPHQWPDVV
VSHFWURPHWU\)$%06LQIUDUHGVSHFWURVFRS\)7,5DQGHOHPHQWDODQDO\VLV
)LJXUH D VKRZV D VFKHPDWLF SLFWXUH RI D F\FOLF(U FRPSOH[ LQZKLFK WKH
ILUVW FRRUGLQDWLRQ VSKHUH FRQVLVWV RI HLWKHU &+ ERQGV F\F+ RU &’ ERQGV
F\F’ $Q DF\FOLF (U FRPSOH[ DF\F+ VNHWFKHG LQ )LJ E ZDV DOVR
VWXGLHGLWLVRSHQDWWKHWRSDQGFRQWDLQV2&+&+JURXSV7KLVLVGLIIHUHQW
WKDQ WKH F\FOLF FRPSOH[ ZKLFK LV FORVHG DW WKH WRS ZLWK RQH &+ FKDLQ
DWWDFKHGWRWKHWULYDOHQWQLWURJHQDWRP$WKUHHGLPHQVLRQDOUHSUHVHQWDWLRQRIWKH
F\FOLFFRPSOH[LVVKRZQLQ)LJF
$IWHUV\QWKHVLV WKH(UFRPSOH[VROXWLRQVZHUHGULHGPL[HGZLWK.%U
DQG WKHQ SUHVVHG WR  PP WKLFN WDEOHWV ZLWK D GLDPHWHU RI  FP 7KH (U
FRQFHQWUDWLRQ LV  ZW 7KLV FRQFHQWUDWLRQ GRHV QRW WDNH LQWR DFFRXQW WKH
XQNQRZQ DPRXQW RIZDWHUZKLFKPD\ UHPDLQ LQ WKH WDEOHWV DV D UHVXOW RI WKH
)LJXUH  6FKHPDWLF GLDJUDP RI WKH OLJDQG(U V\VWHP 7KH FRPSOH[ LV ILUVW H[FLWHG
IURP WKH VLQJOHW 6 JURXQG VWDWH WR WKH VLQJOHW 6 VWDWH H[DFW SRVLWLRQ QRW NQRZQ EXW KLJKHU
WKDQ  H9 IROORZHG E\ IDVW UHOD[DWLRQ WR WKH WULSOHW 7 VWDWH )URP WKHUH HQHUJ\ WUDQVIHU WR
WKH (U I OHYHOV PD\ WDNH SODFH )URP WKHVH OHYHOV UDSLG UHOD[DWLRQ WR WKH , WDNHV SODFH
)LQDOO\ WKH (U PD\ GHFD\ WR WKH , JURXQG PDQLIROG E\ HPLVVLRQ RI D  PP SKRWRQ
7KH YDULRXV V\PEROV DUH GLVFXVVHG LQ WKH WH[W
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SUHSDUDWLRQSURFHVV7RH[FOXGHWKHHIIHFWRITXHQFKLQJGXHWR2+LQWKHKRVW
VRPHPHDVXUHPHQWVZHUHSHUIRUPHGRQVROXWLRQVLQGHXWHUDWHGEXWDQRO!
DW D FRPSOH[ FRQFHQWUDWLRQ RI  0 RU GLPHWK\OIRUPDPLGH ’0) DW D
FRQFHQWUDWLRQRIu0,QERWKVROYHQWVDF\F+GLVVROYHGUDWKHUZHOOEXWWKH
VROXWLRQVZLWK WKH F\FOLF FRPSOH[HV DSSHDUHG VRPHZKDW WXUELG LQGLFDWLQJ WKDW
QRWDOOWKHPDWHULDOKDGGLVVROYHG
3KRWROXPLQHVFHQFH3/PHDVXUHPHQWVZHUHSHUIRUPHGXVLQJWKHQP
OLQH RI DQ $U LRQ SXPS ODVHU DW D SRZHU RI P: IRU H[FLWDWLRQ 7KH ODVHU
EHDPZDVPRGXODWHGZLWKDPHFKDQLFDOFKRSSHURUDQDFRXVWRRSWLFPRGXODWRUDW
IUHTXHQFLHVRIDQG+])RU WKH WHPSHUDWXUHGHSHQGHQWPHDVXUHPHQWV WKH
VDPSOHVZHUHPRXQWHGLQDFORVHGF\FOHKHOLXPFU\RVWDWHQDEOLQJPHDVXUHPHQWV
DW WHPSHUDWXUHV UDQJLQJ IURP. WR URRP WHPSHUDWXUH7KH.%U WDEOHWVZHUH
ILUVWPRXQWHGRQWRDSLHFHRIFU\VWDOOLQHVLOLFRQ7KH3/VLJQDOZDVIRFXVHGLQWR
DPRQRFKURPDWRUDQGGHWHFWHGZLWKD OLTXLGQLWURJHQFRROHG*HGHWHFWRUXVLQJ
VWDQGDUG ORFNLQ WHFKQLTXHV 7KH VSHFWUDO UHVROXWLRQ ZDV  QP /XPLQHVFHQFH
OLIHWLPH PHDVXUHPHQWV ZHUH SHUIRUPHG E\ PRQLWRULQJ WKH OXPLQHVFHQFH GHFD\
DIWHUH[FLWDWLRQZLWKDQVSXOVHG1ODVHUOH[F  QPSXOVHHQHUJ\P-
)LJXUH  7ZRGLPHQVLRQDO UHSUHVHQ
WDWLRQ RI WKH VWUXFWXUH RI D WKH F\FOLF (U
FRPSOH[  UHSUHVHQWV HLWKHU  + F\F+ RU
 ' F\F' DWRPV DQG E WKH DF\FOLF (U
FRPSOH[ DF\F+ 7KH RXWHU WZR EHQ]HQH
ULQJV OLH LQ RQH SODQH ZKLFK LV WLOWHG
EDFNZDUGV ZKHUHDV WKH PLGGOH EHQ]HQH ULQJ
LV WLOWHG IRUZDUGV ,Q WKLV ZD\ D FDJH LV
FRQVWUXFWHG HQFDSVXODWLQJ WKH (U LRQ F
7KUHHGLPHQVLRQDO UHSUHVHQWDWLRQ RI WKH
F\FOLF FRPSOH[ F\F+
D E
F
2SWLFDOSURSHUWLHVRI(U

GRSHGRUJDQLFSRO\GHQWDWHFDJHFRPSOH[HV 


+] UHSHWLWLRQ UDWH’HFD\ VLJQDOVZHUH UHFRUGHGXVLQJDFRROHG*HGHWHFWRU
ZLWK D WLPH UHVROXWLRQ RI  PV 7KH VLJQDOVZHUH DYHUDJHG XVLQJ D GLJLWLVLQJ
RVFLOORVFRSH$OOGHFD\FXUYHVZHUHDQDO\VHGE\GHFRQYROXWLRQRIWKHPHDVXUHG
GHWHFWRUUHVSRQVH
5HIOHFWLRQ DQG WUDQVPLVVLRQ PHDVXUHPHQWV ZHUH SHUIRUPHG XVLQJ D
VSHFWURPHWHU PHDVXULQJ WKH UHIOHFWHG DQG WUDQVPLWWHG LQWHQVLWLHV ZLWK DQ
LQWHJUDWLQJVSKHUH7KHVSHFWUDOUHVROXWLRQZDVQP 
 2SWLFDOFKDUDFWHULVDWLRQ
)LJXUH D VKRZV QRUPDOLVHG URRPWHPSHUDWXUH 3/ VSHFWUD IRU WKH WKUHH
FRPSOH[HV LQ.%U DIWHU H[FLWDWLRQ DW QP LQWR WKH ) OHYHO VHH)LJ
7KH SHDN DURXQG  PP LV W\SLFDO IRU (U OXPLQHVFHQFH DQG LV GXH WR WKH
WUDQVLWLRQV IURP WKH ILUVW H[FLWHG VWDWH , WR WKH JURXQG VWDWH 
,
PDQLIROGV7KHIXOOZLGWKDWKDOIPD[LPXP):+0RIDOOVSHFWUDLVQP7R
RXU NQRZOHGJH WKLV LV PXFK ZLGHU WKDQ IRU DQ\ RWKHU (UGRSHG PDWHULDO (U
)LJXUH  1RUPDOLVHG URRP WHPSHUDWXUH 3/ VSHFWUD RI (U FRPSOH[HV LQ D .%U
WDEOHWV DQG E '0) DW D SXPS ZDYHOHQJWK RI  QP SRZHU  P:
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:DYHOHQJWK PP
F\F+
F\F'
DF\F+
  &KDSWHU
LPSODQWHG 6L2  QP ):+0
 SKRVSKRVLOLFDWH JODVV  QP ):+0
VRGDOLPH VLOLFDWH JODVV QP ):+0 $O2  QP ):+0
 DQG
IOXRURKDIQDWHJODVV):+0QP6XFKDEURDGVSHFWUXPHQDEOHVDZLGHJDLQ
EDQGZLGWKIRURSWLFDODPSOLILFDWLRQ
1RFRPSDULVRQRIWKHDEVROXWH3/LQWHQVLWLHVFRXOGEHPDGHIRUWKHWKUHH
FRPSOH[HV DV WKH LQWHQVLW\ YDULHV RYHU WKH .%U WDEOHWV D IDFWRU  7KH
VSHFWUDOVKDSHVPHDVXUHGIRUWKHWZRF\FOLFFRPSOH[HVDUHLGHQWLFDODQGVOLJKWO\
GLIIHUHQW IURP WKDW IRU WKH DF\FOLF FRPSOH[ 7KLV GLIIHUHQFH LV DWWULEXWHG WR D
VPDOO GLIIHUHQFH LQ ORFDO HQYLURQPHQW IRU WKH WZR W\SHV RI FRPSOH[HV
)LJXUHE VKRZV WKH QRUPDOLVHG URRPWHPSHUDWXUH 3/ VSHFWUD IRU WKH (U
FRPSOH[HVLQ’0)$JDLQWKHVKDSHRIWKHVSHFWUDREVHUYHGIRUF\F+DQGF\F
’DUHVLPLODUEXWVOLJKWO\GLIIHUHQWWKDQWKDWRIDF\F+
)LJXUH  VKRZV WKH URRPWHPSHUDWXUH 3/ VSHFWUXP RI DF\F+ LQ .%U
DIWHU H[FLWDWLRQ DW  QP SXOVH HQHUJ\  P- 7KH  QP SXPS OLJKW LV
DEVRUEHG LQ WKH WDLO RI WKH DEVRUSWLRQ EDQGRI WKH DURPDWLF ULQJVRI WKH OLJDQG
(QHUJ\WUDQVIHUWRWKH(ULRQWKHQOHDGVWRH[FLWDWLRQRIWKH(UUHVXOWLQJLQWKH
REVHUYHGPPOXPLQHVFHQFH
([WLQFWLRQ VSHFWUD RI WKH FRPSOH[HV LQ .%U DUH VKRZQ LQ )LJ  7KH
DEVRUSWLRQOLQHVRIWKH(U LRQDUHFOHDUO\YLVLEOHDQGLQGLFDWHGLQWKHILJXUHWKH
OHYHO QRWDWLRQ LV JLYHQ LQ )LJ  7KH VWHDGLO\ LQFUHDVLQJ EDFNJURXQG LQ WKH
ZDYHOHQJWKUDQJHGRZQWRQPLVDWWULEXWHGWRVFDWWHULQJLQWKH.%UWDEOHWV
8VLQJPHDVXUHG UHIOHFWLRQ GDWD QRW VKRZQ DQG WDNLQJ LQWR DFFRXQW WKH
NQRZQ DYHUDJH DUHDO GHQVLW\ RI (U LQ WKH VDPSOHV DF\F+ u FP
)LJXUH  5RRP WHPSHUDWXUH VSHFWUXP RI DF\F+ LQ .%U DIWHU H[FLWDWLRQ YLD WKH OLJDQG
DW  QP SXOVH HQHUJ\  P-
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
GRSHGRUJDQLFSRO\GHQWDWHFDJHFRPSOH[HV 


F\F+ u FP F\F’ u FP WKH  PP DEVRUSWLRQ FURVV
VHFWLRQVIRUWKH, o
) WUDQVLWLRQFDQEHGHULYHGru
FPIRU
DF\F+ ru FP IRU F\F+ DQG ru FP IRU F\F’
7KHVH DEVRUSWLRQ FURVV VHFWLRQV DUH  WLPHV KLJKHU WKDQ WKH  PP FURVV
VHFWLRQRI(UGRSHGJODVVHVDQGIRU(ULPSODQWHG$O2
7KLVPD\EHUHODWHG
WR GLIIHUHQFHV LQ DYHUDJH HOHFWURQ GLVWULEXWLRQ DURXQG WKH (U LRQ IRU RUJDQLF
FRPSOH[HV FRPSDUHG WR LQRUJDQLF KRVWV ,Q SUDFWLFH WKH SHDN DEVRUSWLRQ DQG
HPLVVLRQFURVVVHFWLRQVIRU(UDUHQHDUO\WKHVDPH8QGHUWKLVDVVXPSWLRQDQG
XVLQJWKHFURVVVHFWLRQGHULYHGDERYHWKH3/VSHFWUDRI)LJFDQEHFRQYHUWHG
WRHPLVVLRQFURVVVHFWLRQVSHFWUDVHHWKHULJKWKDQGYHUWLFDOVFDOHRI)LJD
)URPWKLVVSHFWUXPWKHUDGLDWLYHOLIHWLPHWFDQEHFDOFXODWHG

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ZLWKQWKHUHIUDFWLYHLQGH[FWKHVSHHGRIOLJKWDQGQWKHRSWLFDOIUHTXHQF\
)LJXUH  ([WLQFWLRQ VSHFWUD RI WKH WKUHH (U FRPSOH[HV LQ .%U EDVHG RQ WUDQVPLVVLRQ
PHDVXUHPHQWV D DF\F+ E F\F+ DQG F\F' 7KH DEVRUSWLRQ SHDNV DUH LQGLFDWHG E\ WKH
OHYHO QRWDWLRQ RI WKH DEVRUSWLRQ EDQG
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 UHODWLYH 3/ LQWHQVLW\
DF\F+ .%U u
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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DF\F+ '0)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
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)LJXUH  5RRP WHPSHUDWXUH GHFD\ PHDVXUHPHQWV IRU WKH (UGRSHG RUJDQLF FRPSOH[HV
LQ .%U DQG EXWDQRO2' H[FLWHG DW  QP DW D SXOVH HQHUJ\ RI P-
7DEOH  6XPPDU\ RI WKH WRWDO (U DUHDO GHQVLW\ DQG WKH FRUUHVSRQGLQJ 3/ LQWHQVLWLHV
IRU WKH (U FRPSOH[HV LQ .%U DQG '0)
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GRSHGRUJDQLFSRO\GHQWDWHFDJHFRPSOH[HV 



(YDOXDWLQJ (T  \LHOGV D UDGLDWLYH OLIHWLPH RI DERXW  PV IRU WKHVH (U
FRPSOH[HV
/XPLQHVFHQFH GHFD\PHDVXUHPHQWV IRU F\F+ LQ.%U DQG WKH WKUHH(U
FRPSOH[HV LQ EXWDQRO2’ DUH VKRZQ LQ )LJ  ’HFRQYROXWLRQ RI WKH GHFD\
FXUYHRIF\F+ LQ.%U UHVXOWV LQD OXPLQHVFHQFH OLIHWLPHRIPV ,QEXWDQRO
2’WKH OLIHWLPHV IRU WKH WKUHHFRPSOH[HVDUHDOODURXQGPV7KHVHOLIHWLPHV
DUHPXFKVKRUWHUWKDQWKHUDGLDWLYHOLIHWLPHRIPVFDOFXODWHGIURP(T7KLV
LQGLFDWHVWKDWVLJQLILFDQWTXHQFKLQJRIWKH(UOXPLQHVFHQFHWDNHVSODFH
7DEOH  VXPPDULVHV WKH WRWDO(U DUHDO GHQVLW\ DQG WKH3/ LQWHQVLW\ IRU
WKH .%U WDEOHWV DQG ’0) VROXWLRQV )RU DOO FRPSOH[HV WKH DUHDO GHQVLW\ LV
W\SLFDOO\ D IDFWRU  KLJKHU LQ .%U WKDQ LQ WKH ’0) VROXWLRQV EXW WKH
OXPLQHVFHQFH LQWHQVLW\ LV RQO\ D IDFWRU    KLJKHU 7KLV VXJJHVWV WKDWPRUH
OXPLQHVFHQFH TXHQFKLQJ WDNHV SODFH LQ WKH .%U WDEOHWV WKDQ LQ WKH ’0)
VROXWLRQV$SRVVLEOHH[SODQDWLRQIRUWKLVGLIIHUHQFHLVDFRQFHQWUDWLRQTXHQFKLQJ
HIIHFWGXH WR WKHPL[HGFU\VWDOOLWHQDWXUHRI WKH WDEOHWV ORFDOFRQFHQWUDWLRQVRI
(U PD\ EH KLJKHU WKDQ WKH FDOFXODWHG DYHUDJH GHQVLW\ ’XH WR WKH ORFDO KLJK
FRQFHQWUDWLRQ HQHUJ\ WUDQVIHU IURP RQH (U LRQ WR DQRWKHU FDQ RFFXU DQG WKH
H[FLWDWLRQFDQPLJUDWHDPRQJWKHVHFOXVWHUHGUHJLRQVIROORZHGE\TXHQFKLQJDWD
GHIHFW VLWH LQ WKH WDEOHW $V D UHVXOW WKH 3/ LQWHQVLW\ ZLOO EH ORZHU DQG WKH
OXPLQHVFHQFH OLIHWLPH VKRUWHU LQ WKH .%U WDEOHWV ,Q D VROXWLRQ ZKHUH DOO WKH
FRPSOH[HVDUHTXLWHKRPRJHQHRXVO\GLVSHUVHGQRFRQFHQWUDWLRQTXHQFKLQJZLOO
RFFXU7KLV LVFRQILUPHGE\WKH ORQJHUOXPLQHVFHQFHOLIHWLPHIRUWKHFRPSOH[HV
LQ EXWDQRO2’ VROXWLRQV FRPSDUHG WR WKH.%U WDEOHWV VHH )LJ +RZHYHU
)LJXUH  7HPSHUDWXUH GHSHQGHQFH RI WKH LQWHJUDWHG  PP 3/ LQWHQVLW\ RI WKH (U
FRPSOH[HV LQ .%U SXPS SRZHU  P: H[FLWDWLRQ ZDYHOHQJWK  QP
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7HPSHUDWXUH .
  &KDSWHU
HYHQ LQ VROXWLRQ WKH OLIHWLPHV DUH VWLOO PXFK VKRUWHU WKDQ WKH H[SHFWHG  PV
FDOFXODWHG IURP (T  7KHUH DUH WKUHH SRVVLEOH TXHQFKLQJ PHFKDQLVPV
WHPSHUDWXUH TXHQFKLQJ  TXHQFKLQJ E\ WKH QHDUHVW &+ QHLJKERXUV
TXHQFKLQJE\2+JURXSV
 7HPSHUDWXUH TXHQFKLQJ )LJXUH  VKRZV PHDVXUHPHQWV RI WKH
LQWHJUDWHGPP3/LQWHQVLW\EHWZHHQ.IRUWKH.%UWDEOHWV&\F+
DQGF\F’VKRZ WKH VDPH WUHQGDVD IXQFWLRQRI WHPSHUDWXUHZLWKDTXHQFKLQJ
E\ D IDFWRU EHWZHHQ.DQG URRP WHPSHUDWXUH)RUDF\F+ WKH WHPSHUDWXUH
TXHQFKLQJ LV VOLJKWO\ VPDOOHU D IDFWRU  LQ WKH VDPH WHPSHUDWXUH UDQJH 7KH
TXHQFKLQJ LVVPDOODQGFDQEHPDLQO\DWWULEXWHGWRDGHFUHDVH LQ WKHDEVRUSWLRQ
FRHIILFLHQWDVWKHWHPSHUDWXUHLVLQFUHDVHGUHVXOWLQJLQOHVVHIILFLHQWH[FLWDWLRQ
7KLV LQGLFDWHV WKDW WHPSHUDWXUH TXHQFKLQJ LV QRW WKH PDMRU TXHQFKLQJ
PHFKDQLVP
 4XHQFKLQJ E\ QHDUHVW &+ QHLJKERXUV WKH VHFRQG RUGHU YLEUDWLRQDO
HQHUJ\ RI &+ (    FP
 LV UHVRQDQW ZLWK WKH (U ILUVW H[FLWHG VWDWH
( FP7KLVEDQGDURXQGPPFDQDOVREHVHHQLQ)LJ7KXVD
&+ERQGSRVLWLRQHGQHDU WKH(U LRQFDQTXHQFKWKH(U OXPLQHVFHQFH6XFK
FRXSOLQJ VKRXOG EH OHVV IRU&’ (   FP
 &RPSDULVRQ RI WKH 3/
LQWHQVLW\ RI F\F+ ZLWK WKDW RI F\F’ IRU WKH ’0) VROXWLRQV VHH 7DEOH 
VKRZVWKDWVHOHFWLYHGHXWHUDWLRQRIWKHILUVWFRRUGLQDWLRQVSKHUHKDVQRLQIOXHQFH
RQWKH3/LQWHQVLW\DQGWKXVLWLVFRQFOXGHGWKDWTXHQFKLQJE\WKHVH&+ERQGVLV
QRWGRPLQDQW
 4XHQFKLQJ E\ 2+ JURXSV 2+ JURXSV DUH SUHVHQW LQ WKH OLTXLGV
PDLQO\ DOFRKROV XVHG LQ WKH SUHSDUDWLRQ RI WKH (U FRPSOH[HV DQG WKH\ FDQ
DOVREHSUHVHQWLQWKHVROYHQWVXVHGLQWKHPHDVXUHPHQWVERWK’0)DQGEXWDQRO
DUH KLJKO\ K\JURVFRSLF ,W LV WKHUHIRUH YHU\ OLNHO\ WKDW 2+ JURXSV DUH
FRRUGLQDWHGWRWKH(ULRQ,QGHHGPROHFXODUG\QDPLFVVLPXODWLRQVRIUDUHHDUWK
FRPSOH[HV LQ VROXWLRQ VKRZ WKDW RQH 2+ PROHFXOH FDQ SHQHWUDWH WKH ILUVW
FRRUGLQDWLRQVKHOORIWKHLRQ,QSDUWLFXODUZDWHUPD\SUHIHUHQWLDOO\VROYDWHWKH
)LJXUH  3RO\PHU FKDQQHO ZDYHJXLGH VWUXFWXUH IRU RSWLFDO JDLQ FDOFXODWLRQV $ KLJK
UHIUDFWLYH LQGH[ SRO\PHU Q  330$ GRSHG ZLWK RUJDQLF (U FRPSOH[HV LV
HPEHGGHG LQ D ORZ LQGH[ SRO\PHU Q  300$ RQ WRS RI D VLOLFRQ VXEVWUDWH
300$
330$ Q    FRPSOH[
300$ Q  
6L
2SWLFDOSURSHUWLHVRI(U

GRSHGRUJDQLFSRO\GHQWDWHFDJHFRPSOH[HV 


(U LRQ ,W LV WKHPRVWSRWHQWTXHQFKHURI UDUHHDUWK OXPLQHVFHQFH DQGKDVD
VLJQLILFDQWO\VWURQJHULQWHUDFWLRQWRWKHUDUHHDUWKWKDQIRULQVWDQFHDOFRKROV$Q
2+JURXSSRVLWLRQHGQHDU WKH(U LRQZLOO UHVXOW LQHIILFLHQWTXHQFKLQJRI WKH
OXPLQHVFHQFHEHFDXVHLWVILUVWYLEUDWLRQDORYHUWRQH( FP
LVVWURQJO\
UHVRQDQWZLWKWKH,o
,(U
WUDQVLWLRQ( FP:RUNE\(UPRODHY
HWDO
VKRZVWKDWWKHUDWHFRQVWDQWIRUGHDFWLYDWLRQRIWKH(UH[FLWHGVWDWHYLD
2+JURXSV ORFDWHG DW D GLVWDQFHRI c LV LQ WKHRUGHU RI u V
ZKLFK LV PXFK ODUJHU WKDQ GHDFWLYDWLRQ YLD &’ ERQGV DW  c
N u V 7KLV ZRXOG H[SODLQ WKDW ZLWK 2+ DWWDFKHG WR WKH FRPSOH[
VXEVWLWXWLRQRI&+E\&’ZLOOKDYHQRVLJQLILFDQWHIIHFWRQWKH3/LQWHQVLWLHV
PHDVXUHGLQVROXWLRQVHH7DEOH
 2SWLFDOJDLQFDOFXODWLRQ
:LWK WKHFRHIILFLHQWVGHWHUPLQHG LQ WKHSUHYLRXVSDUDJUDSKVDQHVWLPDWHRI WKH
WKUHVKROGSXPSSRZHUIRUDSODQDURSWLFDODPSOLILHUEDVHGRQ(UGRSHGRUJDQLF
FRPSOH[HVFDQEHPDGH,QVXFKDSRO\PHUFKDQQHOZDYHJXLGHDKLJKUHIUDFWLYH
LQGH[ SRO\PHU HJ SRO\SKHQ\O PHWKDFU\ODWH 330$ Q    GRSHG ZLWK
RUJDQLF (U FRPSOH[HV LV HPEHGGHG LQ D ORZ LQGH[ SRO\PHU HJ SRO\
PHWK\OPHWKDFU\ODWH 300$ Q   VHH )LJ  $ W\SLFDO ZDYHJXLGH
FRUHGLPHQVLRQLVuPP
)LJXUH  &DOFXODWHG GLIIHUHQWLDO RSWLFDO JDLQ DV D IXQFWLRQ RI SXPS SRZHU IRU GLUHFW
H[FLWDWLRQ GDVKHG OLQH DQG IRU H[FLWDWLRQ YLD WKH OLJDQG VROLG OLQH IRU D ZDYHJXLGH
DPSOLILHU ZLWK D u PP FURVV VHFWLRQ 7KH WKUHVKROG SRZHU LV LQGLFDWHG IRU HDFK
FDOFXODWLRQ
( (     
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3XPS 3RZHU :
  &KDSWHU
$ FDOFXODWLRQ LV GRQH IRU GLUHFW H[FLWDWLRQ RI (U LQWR WKH ) H[FLWHG
VWDWHVHH)LJ$VVXPLQJWKDWWKHSRSXODWLRQRIWKH)VWDWHGHFD\VUDSLGO\
WRWKHILUVWH[FLWHGVWDWHWKHUDWHHTXDWLRQVUHGXFHWRWKRVHIRUDTXDVLWZROHYHO
V\VWHP 6ROYLQJ WKHVH UDWH HTXDWLRQV IRU VWHDG\VWDWH FRQGLWLRQV WKH
SRSXODWLRQVEHFRPH

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ZKHUH 5 VD3OKFD LV WKH (U
 H[FLWDWLRQ UDWH 1H WKH SRSXODWLRQ RI WKH ILUVW
H[FLWHG VWDWH 1J WKH SRSXODWLRQ RI WKH JURXQG VWDWH 1 WKH (U
 FRQFHQWUDWLRQ
:H   WH WKH HUELXP GHFD\ UDWH 3 WKH SXPS SRZHU LQ WKH ZDYHJXLGHVD WKH
DEVRUSWLRQ FURVV VHFWLRQ O    QP WKH H[FLWDWLRQ ZDYHOHQJWK DQG D WKH
ZDYHJXLGHFRUHFURVV VHFWLRQ$VD ILUVWHVWLPDWHZHKDYH WDNHQ WKH XQNQRZQ
DEVRUSWLRQFURVVVHFWLRQDWQPHTXDOWRWKHPHDVXUHGYDOXHDWPPIURP
6HFWLRQ  7KH GLIIHUHQWLDO RSWLFDO JDLQ G%FP LV JLYHQ E\ u/RJ,,
ZKHUH,LVWKHLQWHQVLW\DWWKHEHJLQQLQJRIWKHZDYHJXLGHDQG, ,H
N[DORQJWKH
ZDYHJXLGHZLWKNWKHJDLQIDFWRUJLYHQE\

  .1N JH1H1H         

DQG D WKH HVWLPDWHG IUDFWLRQ RI OLJKW ZKLFK LV FRQILQHG LQ WKH FRUH RI WKH
ZDYHJXLGHDQGVHWKHHPLVVLRQFURVVVHFWLRQIURP6HFWLRQ7KHRSWLFDOJDLQ
DV D IXQFWLRQRI SXPSSRZHU LV FDOFXODWHGXVLQJ WKHYDOXHVJLYHQ LQ7DEOH
7KHUHVXOWLVVKRZQLQ)LJ7KHPD[LPXPJDLQLVG%FPLQGLFDWLQJWKDW
IRU LQVWDQFH D ORVV IUHH u VSOLWWHU FRXOG EH PDGH ZLWK D IHZ FP ORQJ
ZDYHJXLGH7KHWKUHVKROGSXPSSRZHULVP:7KLVLVPXFKKLJKHUWKDQWKH
PLQLPXPSRZHUQHHGHGLQ(UGRSHGJODVVRU$O2DPSOLILHUV
 DQGLVGXHWRWKH
PXFK VPDOOHU OXPLQHVFHQFH TXDQWXP HIILFLHQF\ RI WKH (U LRQ LQ WKH RUJDQLF
FRPSOH[HVDVFRPSDUHGWRWKDWLQWKHLQRUJDQLFPDWHULDOV
7KHSRZHURIP:QHHGHGIRURSWLFDODPSOLILFDWLRQLVWRRKLJKIRUDQ\
SUDFWLFDO DSSOLFDWLRQ+RZHYHU WKLVSUREOHPFDQEHVROYHGE\H[FLWDWLRQRI WKH
FRPSOH[YLD WKHDURPDWLFSDUWRI WKH OLJDQG DWQP$W WKLVZDYHOHQJWK WKH
DEVRUSWLRQFURVVVHFWLRQRI WKH OLJDQGLVDERXWuFPPXFKKLJKHU WKDQ
WKH FURVV VHFWLRQ IRU GLUHFW DEVRUSWLRQ RI WKH (U LRQ DW  QP 7KLV PDNHV
H[FLWDWLRQYLD WKH OLJDQGYHU\HIILFLHQW(QHUJ\ WUDQVIHU IURPWKH OLJDQGH[FLWHG
VWDWH WR WKH (U LRQ WKHQ UHVXOWV LQ SRSXODWLRQ RI WKH (U , OXPLQHVFHQW
H[FLWHG VWDWH 7DNLQJ WKLV SURFHVV LQWR DFFRXQW D QHZ JDLQ FDOFXODWLRQ FDQ EH
PDGH$VVXPLQJWKDWWKHWUDQVLWLRQIURPWKHVLQJOHW6WRWKHWULSOHW7VWDWHRI
2SWLFDOSURSHUWLHVRI(U

GRSHGRUJDQLFSRO\GHQWDWHFDJHFRPSOH[HV 


WKH OLJDQG LV IDVW VHH )LJ  D TXDVL WZROHYHO V\VWHP FDQ EH XVHG IRU WKH
OLJDQGDQGWKH(ULRQ7KHUDWHHTXDWLRQVWKHQEHFRPH

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LQZKLFK5O VO3OKFD LV WKH OLJDQGH[FLWDWLRQ UDWH1HDQG1O WKHSRSXODWLRQ
IUDFWLRQRI WKHILUVWH[FLWHGVWDWHRI(U LRQDQGWKHOLJDQGUHVSHFWLYHO\1JDQG
1JO WKH SRSXODWLRQ IUDFWLRQ LQ WKH JURXQG VWDWH RI (U
 LRQ DQG WKH OLJDQG
UHVSHFWLYHO\:OU WKH OLJDQG UDGLDWLYH GHFD\ UDWH:OQU WKH OLJDQG QRQUDGLDWLYH
GHFD\UDWHWUDQVIHUUDWHDQGVOWKHOLJDQGDEVRUSWLRQFURVVVHFWLRQ
6ROYLQJ WKHVH HTXDWLRQV IRU VWHDG\VWDWH FRQGLWLRQV WKH JDLQ FDQ EH
FDOFXODWHGXVLQJ(TDQGW\SLFDOYDOXHVJLYHQLQ7DEOH7KHUHVXOWLVDOVR
SORWWHGLQ)LJ7KHWKUHVKROGSXPSSRZHUUHGXFHVIURPP:WRP:
7KHVHORZSXPSSRZHUVDUHYHU\LQWHUHVWLQJIRUSUDFWLFDODSSOLFDWLRQV1RWHWKDW
LQWKHILQDOGHVLJQSXPSORVVKDVWREHWDNHQLQWRDFFRXQWDVZLOOEHGLVFXVVHGLQ
&KDSWHU7KHQH[WFKDOOHQJHLVWRHQJLQHHUWKHOLJDQGDQGWRVKLIWWKHH[FLWDWLRQ
ZDYHOHQJWKWRWKHYLVLEOHLQRUGHUWREHDEOHWRXVHVWDQGDUGVHPLFRQGXFWRUODVHUV
DVSXPSODVHUV$OWHUQDWLYHO\VHQVLWLVHUVZLWKDKLJKDEVRUSWLRQFRHIILFLHQWDQGD
KLJKLQWHUV\VWHPFURVVLQJHIILFLHQF\PD\EHDWWDFKHGWRWKHFRPSOH[WRIXUWKHU
RSWLPLVH WKH SXPS HIILFLHQF\7KLVZRUN LV GHVFULEHG LQ&KDSWHU  )LQDOO\ZH
3DUDPHWHU 6\PERO YDOXH
(UELXP GHFD\ UDWH :H u
 V
(UELXP DEVRUSWLRQ FURVV VHFWLRQ O  QP VD u
 FP
(UELXP HPLVVLRQ FURVV VHFWLRQ O  PP VH u
 FP
:DYHJXLGH FURVV VHFWLRQ D u PP
7RWDO HUELXP FRQFHQWUDWLRQ 1 u FP
(VWLPDWHG IUDFWLRQ RI OLJKW FRQILQHG LQ WKH FRUH D 
/LJDQG DEVRUSWLRQ FURVV VHFWLRQ VO u
 FP
/LJDQG UDGLDWLYH GHFD\ UDWH :OU u
 V
/LJDQG QRQUDGLDWLYH GHFD\ UDWH :OQU u
 V
7DEOH  7\SLFDO YDOXHV IRU WKH SDUDPHWHUV XVHG LQ WKH RSWLFDO JDLQ FDOFXODWLRQ RI DQ
(UGRSHG SODQDU SRO\PHU RSWLFDO DPSOLILHU IRU GLUHFW RSWLFDO SXPSLQJ RI WKH DPSOLILHU
  &KDSWHU
QRWH WKDW WKH DERYH FDOFXODWLRQV GR QRW WDNH LQWR DFFRXQW XSFRQYHUVLRQ HIIHFWV
ZKLFK PD\ LQFUHDVH WKH SXPS SRZHU QHHGHG IRU DPSOLILFDWLRQ 0RUH
PHDVXUHPHQWV DUH UHTXLUHG WR GHWHUPLQH WKH FRRSHUDWLYH XSFRQYHUVLRQ DQG
H[FLWHGVWDWHDEVRUSWLRQFURVVVHFWLRQVIRUWKHVH(UGRSHGRUJDQLFFRPSOH[HV
 &RQFOXVLRQV
(UELXPGRSHGSRO\GHQWDWHKHPLVSKHUDQGRUJDQLFFDJHFRPSOH[HVVKRZDEURDG
 QP ):+0 SKRWROXPLQHVFHQFH VSHFWUXP DW URRP WHPSHUDWXUH FHQWHUHG
DURXQG  PP 7KH (U LRQ FDQ EH H[FLWHG GLUHFWO\ LQ WKH I PDQLIROG RU
LQGLUHFWO\YLDWKHDURPDWLFULQJVRIWKHFRPSOH[7KHDEVRUSWLRQFURVVVHFWLRQDW
O PP LV u FP:KHQ GLVVROYHG LQ EXWDQRO2’ WKH OXPLQHVFHQFH
OLIHWLPH LV PV PXFK VKRUWHU WKDQ WKH HVWLPDWHG UDGLDWLYH OLIHWLPH RI PV
7KLVLVDWWULEXWHGWRWKHSUHVHQFHRI2+JURXSVLQPROHFXOHVORFDWHGLQWKHILUVW
FRRUGLQDWLRQVKHOORIWKHFRPSOH[ZKLFKVHUYHDVTXHQFKLQJVLWHVIRUWKHH[FLWHG
(U LRQ 7KH 2+ PRVW OLNHO\ RULJLQDWHV IURP WKH ZDWHU SUHVHQW GXULQJ WKH
FKHPLFDO V\QWKHVLV RU LQ WKH VROXWLRQ LQ ZKLFK WKH FRPSOH[HV DUH GLVVROYHG
2SWLFDO JDLQ FDOFXODWLRQV VKRZ WKDW WKHVH(UGRSHG RUJDQLF FRPSOH[HVZKHQ
GLVVROYHG LQ D SRO\PHUFKDQQHOZDYHJXLGHPD\VKRZQHWRSWLFDO DPSOLILFDWLRQ
IRUDSXPSSRZHUDVORZDVP:DQGDW\SLFDOJDLQRIG%FP
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  
2SWLFDOSURSHUWLHVRIOLVVDPLQH
IXQFWLRQDOLVHG1G

FRPSOH[HVLQ
SRO\PHUZDYHJXLGHVDQGVROXWLRQ
/LVVDPLQH IXQFWLRQDOLVHG WHUSKHQ\OEDVHG QHRG\PLXP FRPSOH[HV DUH
V\QWKHVLVHG DQG LQFRUSRUDWHG LQ GHXWHUDWHG GLPHWK\OVXOIR[LGH
VROXWLRQV DQG LQ SDUWLDOO\ IOXRULQDWHG SODQDU SRO\PHU ZDYHJXLGHV
2SWLFDOH[FLWDWLRQRIWKHOLVVDPLQHVHQVLWLVHUDURXQGQPIROORZHG
E\ LQWUDPROHFXODU HQHUJ\ WUDQVIHU WR WKH 1G

 LRQ UHVXOWV LQ QHDU
LQIUDUHG SKRWROXPLQHVFHQFH  QP  QP  QP GXH WR
LQWUDI WUDQVLWLRQV LQ WKH 1G

 LRQ 7KH LQWUDPROHFXODU HQHUJ\
WUDQVIHUUDWHLVODUJHUWKDQ

V

’XHWRWKHODUJHDEVRUSWLRQFURVV
VHFWLRQ RI WKH VHQVLWLVHU !

 FP

 DURXQG  QP WKH 1G

 LV
H[FLWHG 

 WLPHV PRUH HIILFLHQWO\ WKDQ LQ D SXUH FRPSOH[ ZLWKRXW
VHQVLWLVHU7KH1G

OXPLQHVFHQFHOLIHWLPHLVUHODWLYHO\VKRUWERWKLQ
VROXWLRQPVDQGLQDSRO\PHUKRVWPVZKLFKLVDWWULEXWHGWR
FRXSOLQJ WRYLEUDWLRQDO VWDWHVRIQHDUE\&+DQG2+JURXSV6SLQ
FRDWHG IOXRULQDWHG SRO\PHU SODQDU ZDYHJXLGHV GRSHG ZLWK WKHVH
VHQVLWLVHG RUJDQLF 1G

 FRPSOH[HV VKRZ H[FHOOHQW ZDYHJXLGH
SURSHUWLHV 8SRQ FRQWLQXHG LOOXPLQDWLRQ SKRWRGHJUDGDWLRQ LV
REVHUYHGLQWKHGRSHGSRO\PHUILOPV
  &KDSWHU


 6HQVLWLVHG1GFRPSOH[HV
7ULYDOHQWUDUHHDUWKLRQVDUHZHOONQRZQIRUWKHLUVSHFLDORSWLFDOSURSHUWLHV7KH
IVKHOORIWKHVHLRQVLVQRWFRPSOHWHO\ILOOHGDQGVKLHOGHGIURPWKHVXUURXQGLQJV
E\ILOOHGVDQGSVKHOOV7KLVVKLHOGLQJPLQLPLVHVWKHHIIHFWRIWKHFU\VWDOILHOG
RI WKH KRVW PDWHULDO RQ WKH HQHUJ\ OHYHOV RI WKH  IVKHOO DQG DV D UHVXOW WKH
DEVRUSWLRQ DQG HPLVVLRQ EDQGV UHPDLQ UDWKHU VKDUS7KH VPDOO LQIOXHQFHRI WKH
FU\VWDOILHOGLQGXFHVPL[LQJRIZDYHIXQFWLRQVZLWKRSSRVLWHSDULW\ZLWKLQWKH I
VKHOO PDNLQJ WKH SDULW\ IRUELGGHQ WUDQVLWLRQV VOLJKWO\ DOORZHG ’XH WR WKH
IRUELGGHQQDWXUHWKHOLIHWLPHVRIWKHVHWUDQVLWLRQVDUHUHODWLYHO\ORQJ
7KH QHRG\PLXP 1G LRQ LV RIWHQ XVHG DV LW KDV DQ LQWUDI WUDQVLWLRQ
IURP WKH ) WR WKH
, OHYHO DW  PP ZKLFK FRLQFLGHV ZLWK WKH ORZ
GLVSHUVLRQ ZLQGRZ RI VWDQGDUG RSWLFDO ILEHUV 1HRG\PLXP GRSHG ODVHUV DQG
DPSOLILHUVKDYHEHHQDFKLHYHG LQ LQRUJDQLFKRVWV OLNH VLOLFD<$*</)DQG
/L1E2
 5HFHQWO\ UHVHDUFK KDV DOVR IRFXVVHG RQ UDUHHDUWK GRSHG SRO\PHU
EDVHGPDWHULDOV7KHVHSRO\PHUZDYHJXLGHDPSOLILHUVFRXOGWKHQEHLQWHJUDWHG
ZLWKH[LVWLQJSRO\PHUGHYLFHVVXFKDVVSOLWWHUVVZLWFKHVDQGPXOWLSOH[HUV 
5DUHHDUWK LRQV FDQQRW EH GLVVROYHG GLUHFWO\ LQWR D SRO\PHU ILOP
7KHUHIRUH WKH LRQV KDYH WR EH HQFDSVXODWHG E\ DQ RUJDQLF OLJDQG WR IRUP D
FRPSOH[ZKLFKFDQEHGLVVROYHG LQ WKHSRO\PHUPDWUL[ ,Q&KDSWHUZHKDYH
VKRZQ WKDW RSWLFDOO\ DFWLYH (UGRSHG SRO\GHQWDWH FDJH FRPSOH[HV FDQ EH
V\QWKHVLVHG DQG VKRZ URRP WHPSHUDWXUHSKRWROXPLQHVFHQFHDWPPZKHQ
RSWLFDOO\ H[FLWHG HLWKHU GLUHFWO\ LQWR DQ (U LQWUDI OHYHO RU LQGLUHFWO\ YLD WKH
FDJH ZKLFK DOVR DFWV DV D FKURPRSKRUH :H IRXQG WKDW WKH OXPLQHVFHQFH
OLIHWLPH RI WKHVH FRPSOH[HV LV UDWKHU VKRUW  PV ZKLFK ZDV DWWULEXWHG WR
HQHUJ\WUDQVIHURIWKHH[FLWHGVWDWHRIWKH(ULRQWR2+YLEUDWLRQDOVWDWHVRIWKH
VROYHQWPROHFXOHV
2EYLRXVO\WKHVHQRQUDGLDWLYHTXHQFKLQJSURFHVVHVDUHDGLVDGYDQWDJHRI
WKH XVH RI RUJDQLF FDJH FRPSOH[HV 2Q WKH RWKHU KDQG DQ DGYDQWDJH LV WKDW
KLJKO\ DEVRUELQJ DQWHQQD FKURPRSKRUHV FDQ EH LQFRUSRUDWHG LQ WKH RUJDQLF
FRPSOH[2QFHWKLVFKURPRSKRUHLVH[FLWHGLWFDQWUDQVIHULWVH[FLWDWLRQHQHUJ\WR
WKH UDUHHDUWK LRQ E\ D ’H[WHU PHFKDQLVP ,I WKH HQHUJ\ WUDQVIHU IURP
FKURPRSKRUH WR UDUHHDUWK LRQ LV HIILFLHQW WKLV SURFHVV VWURQJO\ HQKDQFHV WKH
H[FLWDWLRQHIILFLHQF\RIWKHUDUHHDUWKLRQ
,Q WKLV &KDSWHU ZH ZLOO UHSRUW WKH RSWLFDO SURSHUWLHV RI WHUSKHQ\OEDVHG
1G FRPSOH[HV ZLWK DQG ZLWKRXW D KLJKO\ DEVRUELQJ OLVVDPLQH DQWHQQD
FKURPRSKRUH&RPSOH[HVZHUHGLVVROYHGHLWKHULQKH[DGHXWHURGLPHWK\OVXOIR[LGH
’062G VROXWLRQV RU LQ SDUWLDOO\ IOXRULQDWHG SRO\FDUERQDWH SODQDU
ZDYHJXLGHV ,Q FRPSOH[HV ZLWKRXW OLVVDPLQH H[FLWDWLRQ RI WKH 1G LRQ DW D
ZDYHOHQJWK RI  QP OHDGV WR SRSXODWLRQ RI WKH * OHYHO IURP ZKHUH LW
GHFD\V WR WKH ) OHYHO VHH )LJ  ’HFD\ IURP WKLV OHYHO OHDGV WR WKH
2SWLFDOSURSHUWLHVRIOLVVDPLQHIXQFWLRQDOLVHG1G

FRPSOH[HV«  


FKDUDFWHULVWLF1GOXPLQHVFHQFHDWDQGQPGXHWRWUDQVLWLRQVWR
WKH ,
, DQG
, OHYHOV UHVSHFWLYHO\ ,Q FRPSOH[HV ZLWK WKH OLVVDPLQH
VHQVLWLVHUWKHQPOLJKWLVPDLQO\DEVRUEHGE\WKHKLJKDEVRUELQJOLVVDPLQH
ZKLFKEHFRPHVH[FLWHGLQWRWKHVLQJOHWVWDWH67KLVLVIROORZHGE\LQWHUV\VWHP
FURVVLQJWR WKHWULSOHWVWDWH7(7  FP
VHH)LJ)URPWKHWULSOHW
VWDWHHQHUJ\WUDQVIHUWRWKH1GLRQFDQRFFXUZKLFKUHVXOWVLQH[FLWDWLRQRIWKH
1GLRQLQWRWKH6DQG
)OHYHOV$IWHUUHOD[DWLRQWRWKH
)OHYHOWKH
DQGQPOXPLQHVFHQFHFDQEHREVHUYHG7KHOXPLQHVFHQFHLQWHQVLWLHV
OLIHWLPHV H[FLWDWLRQ PHFKDQLVPV ZDYHJXLGH SURSHUWLHV DQG SKRWRVWDELOLW\ RI
WKHVHFRPSOH[HVZLOOEHGLVFXVVHG

 ([SHULPHQW
7HUSKHQ\OEDVHG1GFRPSOH[HVZHUHV\QWKHVLVHGXVLQJWKHSURFHGXUHGHVFULEHG
LQ5HI6RPHFRPSOH[HVZHUHIXQFWLRQDOLVHGZLWKOLVVDPLQHD5KRGDPLQH%
GHULYDWLYH )LJXUH  VKRZV D VFKHPDWLF SLFWXUH RI WKH VWUXFWXUH RI WKH
WHUSKHQ\OEDVHG1G FRPSOH[HV DZLWK WZREHQ]R\O VLGHJURXSV %]1GDQG
E ZLWK RQH EHQ]R\O VLGHJURXS DQG D OLVVDPLQH VHQVLWLVHU /V1G %RWK
FRPSOH[HV KDYH D FDJHOLNH FRQILJXUDWLRQ HQFDSVXODWLQJ WKH 1G LRQ 7KH
FRPSOH[HVZHUHGLVVROYHG LQ’062GWRDFRQFHQWUDWLRQRI0IRU%]1G
DQG  0 IRU /V1G RU GLVVROYHG LQ SDUWLDOO\ IOXRULQDWHG SRO\FDUERQDWH
)LJXUH  6FKHPDWLF HQHUJ\ OHYHO GLDJUDP RI WKH OLVVDPLQH 1G FRPSOH[ 7KH DUURZV
LQGLFDWH WKH H[FLWDWLRQ PHFKDQLVPV RI WKH 1G LRQ HLWKHU GLUHFWO\ LQWR WKH * OHYHO E\
SXPSLQJ DW  QP RU WKURXJK WKH OLVVDPLQH VHQVLWLVHU 6o6 WUDQVLWLRQ IROORZHG E\
LQWHUV\VWHP FURVVLQJ DQG HQHUJ\ WUDQVIHU
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  &KDSWHU


ZDYHJXLGHV DW D FRQFHQWUDWLRQ RI  ZW DQG  ZW FRPSOH[ 7KH
SRO\FDUERQDWH ZDYHJXLGHV ZHUH PDGH E\ VSLQFRDWLQJ D F\FORKH[\ODFHWDWH
VROXWLRQRISRO\FDUERQDWHDQGFRPSOH[RQWRD6LVXEVWUDWHFRYHUHGZLWKDPP
WKLFN WKHUPDOO\ JURZQ 6L2 OD\HU 7KH VSLQFRDWLQJ ZDV SHUIRUPHG IRU 
VHFRQGVDWDVSLQUDWHRIUSPDQGIROORZHGE\WKHUPDODQQHDOLQJDWR&
LQYDFXXPIRURQHKRXU7KHWKLFNQHVVRIWKHSRO\PHUOD\HUZDVPP
7KH UHDO DQG LPDJLQDU\ SDUWV RI WKH UHIUDFWLYH LQGH[ RI WKH SRO\PHU
ZDYHJXLGHZHUHPHDVXUHGXVLQJDYDULDEOHDQJOHVSHFWURVFRSLFHOOLSVRPHWHU7KH
RSWLFDO ORVVHVZHUHPHDVXUHGXVLQJ WKH VOLGLQJSULVPPHWKRG’LLRGRPHWKDQH
ZDVXVHGDVDQLQGH[PDWFKLQJOLTXLGIRURSWLPXPRXWSXWFRXSOLQJ$ZKLWHOLJKW
VRXUFHDVZHOODVODVHUVRSHUDWLQJDWDQGQPZHUHXVHG
3KRWROXPLQHVFHQFH 3/ PHDVXUHPHQWV ZHUH SHUIRUPHG XVLQJ YDULRXV
OLQHV RI DQ $U LRQ ODVHU DV DQ H[FLWDWLRQ VRXUFH 7KH FRPSOH[HV LQ ’062G
VROXWLRQZHUHDQDO\VHGLQVTXDUHTXDUW]FHOOV7KHSRZHURQWKHFHOOZDVP:
DW D VSRW GLDPHWHU RI  PP 7KH EHDPZDVPRGXODWHG XVLQJ DQ DFRXVWRRSWLF
PRGXODWRU RSHUDWLQJ DW GLIIHUHQW IUHTXHQFLHV 7KH HPLWWHG OXPLQHVFHQFH ZDV
IRFXVHG LQWR D PRQRFKURPDWRU DQG GHWHFWHG ZLWK D SKRWRPXOWLSOLHU WXEH RU D
OLTXLGQLWURJHQ FRROHG*H GHWHFWRU $OO VSHFWUDZHUH FRUUHFWHG IRU WKH GHWHFWRU
UHVSRQVH$EVRUSWLRQPHDVXUHPHQWVZHUHSHUIRUPHGXVLQJDVSHFWURSKRWRPHWHU
0HDVXUHPHQWV RQZDYHJXLGH ILOPVZHUH SHUIRUPHGE\ SXPSLQJ WKHZDYHJXLGH
WRWDOOHQJWKDERXWPPZLWKDUHFWDQJXODUVSRWuPPIURPWKHWRSQHDU
WKH HQWUDQFH IDFHW RI WKH ZDYHJXLGH 7KH OXPLQHVFHQFH ZDV FROOHFWHG DW WKH
RXWSXWIDFHWXVLQJDPXOWLPRGHRSWLFDOILEHU7KHILEHUZDVOHGWRDQREMHFWLYH
LQ IURQW RI WKHPRQRFKURPDWRU 7KH VSHFWUDO UHVROXWLRQ UDQJHG IURP  QP
3KRWROXPLQHVFHQFH GHFD\ FXUYHV ZHUH PHDVXUHG XVLQJ D SKRWRPXOWLSOLHU WXEH
DQG D SKRWRQ FRXQWLQJ V\VWHP 7KH WLPH UHVROXWLRQ RI WKH V\VWHP ZDV DERXW
QV
)LJXUH  6FKHPDWLF SLFWXUH RI D EHQ]R\O1G FRPSOH[ %]1G DQG E OLVVDPLQH
IXQFWLRQDOLVHG 1G FRPSOH[ /V1G
 
 
2SWLFDOSURSHUWLHVRIOLVVDPLQHIXQFWLRQDOLVHG1G

FRPSOH[HV«  


 /XPLQHVFHQFHSURSHUWLHV
)LJXUH VKRZV WKH3/ LQWHQVLWLHVDWQPIRUD0VROXWLRQRI%]1G
DQG D  0 VROXWLRQ RI /V1G OLVVDPLQH VHQVLWLVHG ERWK LQ ’062G DW
GLIIHUHQW H[FLWDWLRQ ZDYHOHQJWKV DV DYDLODEOH IURP WKH$U LRQ ODVHU 7KH SXPS
SRZHUIRUH[FLWDWLRQZDVP:IRUDOOH[FLWDWLRQZDYHOHQJWKV7KHDEVRUSWLRQ
VSHFWUXPPHDVXUHG IRU WKHVDPHVROXWLRQV LVDOVR LQFOXGHG LQ WKH ILJXUH GUDZQ
OLQHV7KHH[FLWDWLRQVSHFWUXPIRUWKHFRPSOH[ZLWKRXWVHQVLWLVHU%]1GVKRZV
VRPH VWUXFWXUH ZKLFK LV URXJKO\ VLPLODU WR WKDW IRXQG LQ WKH DEVRUSWLRQ
PHDVXUHPHQWDQGLVFRQVLVWHQWZLWKWKHDEVRUSWLRQEDQGVRIWKH1GLRQDURXQG
 QP DQG  QP 7KH H[FLWDWLRQ VSHFWUXP IRU WKH FRPSOH[ ZLWK VHQVLWLVHU
/V1GVKRZVDFRPSOHWHO\GLIIHUHQWEHKDYLRU WKHQPHPLVVLRQLQWHQVLW\
LQFUHDVHV VWURQJO\ ZLWK H[FLWDWLRQ ZDYHOHQJWK DJDLQ YHU\ VLPLODU WR ZKDW LV
IRXQG IRU WKH DEVRUSWLRQ VSHFWUXP *LYHQ WKH IDFW WKDW WKH OLVVDPLQH FRPSOH[
VKRZV D EURDG DEVRUSWLRQ EDQG DURXQG  QP WKLV FOHDUO\ LQGLFDWHV WKDW WKH
H[FLWDWLRQRI1G DURXQGQPWDNHVSODFHYLD WKHVHQVLWLVHU7KHDEVRUSWLRQ
RIWKHOLVVDPLQHRFFXUVDWWKH[DQWKHQHXQLWLHWKHJUD\SDUWLQWKHVWUXFWXUHIRU
/V1G LQ)LJE1RWH WKDW WKHPHDVXUHGDEVRUSWLRQFURVVVHFWLRQ LV LQ WKH
 FP UDQJH  RUGHUV RI PDJQLWXGH KLJKHU WKDQ WKH W\SLFDO 1G LQWUDI
WUDQVLWLRQFURVVVHFWLRQ
)LJXUH  3KRWROXPLQHVFHQFH DW  QP DV D IXQFWLRQ RI H[FLWDWLRQ ZDYHOHQJWK IRU
%]1G  0 VTXDUHV DQG /V1G  0 FLUFOHV LQ '062G VROXWLRQV 7KH DEVRUSWLRQ
VSHFWUD RI %]1G DQG /V1G DUH DOVR VKRZQ GUDZQ OLQHV 1RWH WKDW WKH DEVRUSWLRQ GDWD IRU
WKH %]1G VROXWLRQ DUH PXOWLSOLHG E\ D IDFWRU 
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  &KDSWHU


)LJXUH  VKRZV URRPWHPSHUDWXUH 3/ VSHFWUD IRU  0 %]1G DQG
 0/V1GLQ’062GUHFRUGHGXVLQJH[FLWDWLRQDWQPDWDSXPSSRZHU
RIP:7KHFRPSOH[HVVKRZURRPWHPSHUDWXUHSKRWROXPLQHVFHQFHRI1GDW
DQGQP$OWKRXJKWKHFRQFHQWUDWLRQRI/V1GLVWLPHVORZHU
WKDQ WKH FRQFHQWUDWLRQ RI %]1G WKH 3/ LQWHQVLW\ LV  WLPHV KLJKHU 2SWLFDO
DEVRUSWLRQ PHDVXUHPHQWV DW  QP IRU ERWK VROXWLRQV VKRZ DQ DOPRVW HTXDO
DEVRUSWLRQFP IRU0%]1GDQGFP IRU0/V1G7KH
IDFW WKDW WKH VHQVLWLVHG FRPSOH[ VKRZV KLJKHU OXPLQHVFHQFH WKDQ WKH FRPSOH[
ZLWKRXW D VHQVLWLVHU HYHQ WKRXJK WKH PHDVXUHG DEVRUSWLRQ ZDV WKH VDPH
LQGLFDWHV WKDW WKH LQWHUQDO HQHUJ\ WUDQVIHU HIILFLHQF\ ZLWKLQ WKH VHQVLWLVHG
FRPSOH[LVTXLWHKLJK7KHIDFWRUWZRGLIIHUHQFHFDQEHGXHWRWKHIDFWWKDWXSRQ
GLUHFWH[FLWDWLRQLQWRWKHKLJKHUO\LQJVWDWHRIWKH1GLRQWKH1GLRQFDQDOVR
GHFD\ UDGLDWLYHO\ WR WKH JURXQG OHYHO LQGHHG  QP OXPLQHVFHQFH KDV EHHQ
REVHUYHGUHVXOWLQJIURPWKHWUDQVLWLRQIURPWKH.o
,WUDQVLWLRQOHDGLQJ
WR D ORZHU TXDQWXP \LHOG IRU WKH QHDULQIUDUHG WUDQVLWLRQV LQ WKH FDVH RI GLUHFW
RSWLFDOH[FLWDWLRQRIWKH1GDWQP
7KH PHDVXUHG OXPLQHVFHQFH OLIHWLPH QRW VKRZQ DW  QP IRU WKH
%]1G FRPSOH[ LQ ’062G LV  PV DQG IRU WKH VHQVLWLVHG /V1G FRPSOH[
PV7KHOXPLQHVFHQFHOLIHWLPHRI1G LQLQRUJDQLFPDWHULDOVFDQEHDVKLJK
DV  PV 7KH ORZ TXDQWXP \LHOG LQ WKH RUJDQLF FRPSOH[HV LV DWWULEXWHG WR
TXHQFKLQJRIWKH1GH[FLWHGVWDWHE\FRXSOLQJWRRYHUWRQHVRIQHDUE\&+DQG
2+YLEUDWLRQDOVWDWHV
)LJXUH  3KRWROXPLQHVFHQFH VSHFWUD RI /V1G  0 DQG %] 1G  0 LQ '062
G VROXWLRQV 7KH H[FLWDWLRQ ZDYHOHQJWK LV  QP DW D SXPS SRZHU RI  P: 1RWH WKDW
DURXQG  QP WKH VSHFWUD DUH PXOWLSOLHG E\ D IDFWRU 
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2SWLFDOSURSHUWLHVRIOLVVDPLQHIXQFWLRQDOLVHG1G

FRPSOH[HV«  


)LJXUHDVKRZVWKHPHDVXUHGGDVKHGOLQHDQGVLPXODWHGVROLGOLQH
HOOLSVRPHWU\SDUDPHWHU’DVDIXQFWLRQRIZDYHOHQJWKIRUDSDUWLDOO\IOXRULQDWHG
SRO\FDUERQDWH SODQDU SRO\PHU ZDYHJXLGH GRSHG ZLWK  ZW /V1G 7KH
LQWHUIHUHQFHVWUXFWXUH LVFDXVHGE\UHIOHFWLRQVDW WKHDLUSRO\PHUSRO\PHU6L2
DQG 6L26L LQWHUIDFHV $ FOHDU GLS LQ’ LV REVHUYHG DURXQG  QPZKLFK LV
FDXVHGE\WKHKLJKDEVRUSWLRQRIWKHOLVVDPLQH7KHVLPXODWHGGDWDDUHEDVHGRQD
/RUHQW]RVFLOODWRUPRGHODQGFRUUHVSRQGZHOOZLWKWKHPHDVXUHGGDWD)URPWKH
VLPXODWLRQSDUDPHWHUVWKHUHDOQDQGLPDJLQDU\NSDUWRIWKHUHIUDFWLYHLQGH[
RI WKH 1GGRSHG SRO\PHU ZDYHJXLGH OD\HU FDQ EH FDOFXODWHG DV VKRZQ LQ
)LJE$OVRVKRZQLVWKHPHDVXUHGUHIUDFWLYHLQGH[RIDQXQGRSHGUHIHUHQFH
SRO\PHU 2XWVLGH WKH UHVRQDQFH UHJLRQ WKH UHIUDFWLYH LQGH[ RI WKH 1GGRSHG
ZDYHJXLGH OD\HU LVYHU\VLPLODU WR WKDWRI WKHXQGRSHGOD\HU LQGLFDWLQJWKDW WKH
VSLQFRDWLQJ WHFKQLTXH OHDGV WR1GGRSHGZDYHJXLGH OD\HUVZLWKVLPLODUGHQVLW\
DV SXUHZDYHJXLGH OD\HUV 7KHPD[LPXPYDOXH RI N LV  DW  QPZKLFK
)LJXUH  D 0HDVXUHG DQG FDOFXODWHG HOOLSVRPHWULF SDUDPHWHU ’ DV D IXQFWLRQ RI
ZDYHOHQJWK IRU D  ZW /V1G GRSHG SDUWLDOO\ IOXRULQDWHG SRO\FDUERQDWH ZDYHJXLGH E
5HDO Q DQG LPDJLQDU\ N SDUW RI WKH UHIUDFWLYH LQGH[ GHULYHG IURP WKH VLPXODWLRQ GDWD
LQGLFDWHG E\ WKH VROLG OLQH LQ D 7KH UHDO LQGH[ IRU DQ XQGRSHG UHIHUHQFH ZDYHJXLGH LV
VKRZQ IRU UHIHUHQFH GDVKHG OLQH LQ E
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
FRUUHVSRQGVWRDQDEVRUSWLRQFURVVVHFWLRQRIuFPZKLFKLVURXJKO\
WLPHVKLJKHU WKDQ WKH OLWHUDWXUHYDOXH IRU5KRGDPLQH% ,W LVFOHDUO\VHHQ WKDW
WKH KLJK DEVRUSWLRQ RI WKH OLVVDPLQH FDXVHV D FKDQJH LQ WKH UHDO SDUW RI WKH
UHIUDFWLYHLQGH[DURXQGQPDVGHVFULEHGE\.UDPHUV.URQLJWKHRU\
2SWLFDO ORVV PHDVXUHPHQWV ZHUH SHUIRUPHG RQ DQ XQGRSHG SDUWLDOO\
IOXRULQDWHG SRO\FDUERQDWH ZDYHJXLGH XVLQJ WKH SULVP FRXSOLQJ WHFKQLTXH 7KH
UHVXOW LV VKRZQ LQ )LJ  7KH SHDN DURXQG  QP LV GXH WR RYHUWRQH
DEVRUSWLRQE\&+ERQGV7KHEDQGDURXQGQPLVDWWULEXWHGWRDEVRUSWLRQ
E\&+ERQGV DQG2+ERQGV LQ WKH SRO\PHU7KH WZRSHDNV DURXQG  QP
DULVHIURPVHFRQGRYHUWRQHDEVRUSWLRQE\DURPDWLFDQGDOLSKDWLF&+ERQGV7KH
EDFNJURXQG ORVVDW WKH1GHPLVVLRQZDYHOHQJWKV LVG%FPDWQP
DQGG%FPDWQP7KLVLQGLFDWHVWKDWWKHVHSRO\FDUERQDWHZDYHJXLGHV
DUHLGHDOO\VXLWHGIRUSODQDUZDYHJXLGHDSSOLFDWLRQV
)LJXUH  VKRZV WKH 3/ VSHFWUD RI D  ZW /V1G GRSHG IOXRULQDWHG
SRO\FDUERQDWH ZDYHJXLGH H[FLWHG DW D ZDYHOHQJWK RI  QP 7KH GDVKHG OLQH
VKRZV WKH OXPLQHVFHQFH PHDVXUHG XVLQJ H[FLWDWLRQ DQG FROOHFWLRQ RI WKH OLJKW
IURPWKHWRSRIWKHVDPSOH3 P:7KHQPDQGQPOXPLQHVFHQFH
RI WKH1G LRQ DUH FOHDUO\ VHHQ 6SHFWUD WDNHQ LQ WKH QHDULQIUDUHG UHJLRQ QRW
VKRZQ DOVR VKRZ WKH  QP OXPLQHVFHQFH 7KH HPLVVLRQ REVHUYHG LQ WKH
ORZHUZDYHOHQJWK UHJLRQ LV GXH WR OXPLQHVFHQFH RI WKH OLVVDPLQHZKLFK KDV D
SHDNHPLVVLRQZDYHOHQJWK6o6WUDQVLWLRQDWQP7KHVPDOOSHDNVDWWKH
VKRXOGHURIWKHOLVVDPLQHOXPLQHVFHQFHDUHDWWULEXWHGWRDQLQWHUIHUHQFHHIIHFWLQ
WKH ZDYHJXLGH OD\HUV 7KH VROLG OLQH LQ )LJ  LV WKH VSHFWUXP REVHUYHG IRU
H[FLWDWLRQ IURP WKH WRS DQG FROOHFWLQJ IURP WKH RXWSXW IDFHW RI WKH ZDYHJXLGH
)LJXUH  2SWLFDO ORVV VSHFWUXP RI DQ XQGRSHG SDUWLDOO\ IOXRULQDWHG SRO\FDUERQDWH
ZDYHJXLGH PHDVXUHG XVLQJ WKH VOLGLQJ SULVP PHWKRG VHH LQVHW
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2SWLFDOSURSHUWLHVRIOLVVDPLQHIXQFWLRQDOLVHG1G

FRPSOH[HV«  


3 P:VSRWuPP$JDLQWKHQPDQGQPOXPLQHVFHQFHDUH
REVHUYHG EXW KHUH WKH OXPLQHVFHQFH RI WKH OLVVDPLQH LV VWURQJO\ GHFUHDVHG
ZKLFK LV DWWULEXWHG WR UHDEVRUSWLRQ E\ WKH OLVVDPLQH LWVHOI 7KLV LQGLFDWHV WKDW
VHOIDEVRUSWLRQVKRXOGEHWDNHQLQWRDFFRXQWZKHQGHVLJQLQJZDYHJXLGHGHYLFHV
7KHLQVHWRI)LJVKRZVWKHWLPHGHSHQGHQFHRIWKHQP3/VLJQDO
DIWHU VZLWFKLQJ WKH  QP SXPS RQ DQG RII $Q H[SRQHQWLDO ILW WKURXJK WKH
GHFD\SDUWUHVXOWVLQD3/OLIHWLPHRIPV7KLVLVVLJQLILFDQWO\ORZHUWKDQWKH
GHFD\PHDVXUHG IRU FRPSOH[HV LQ’062G VROXWLRQ PVZKLFK LQGLFDWHV
WKDWTXHQFKLQJE\&+DQG2+JURXSVLQWKHSRO\PHUPDWUL[DOVRFRQWULEXWHVWR
WKHUDGLDWLRQOHVVGHDFWLYDWLRQRIWKH1G
7KH HQHUJ\ WUDQVIHU IURP WKH OLVVDPLQH WR WKH 1G LRQ RFFXUV YLD WKH
WULSOHWVWDWHRIWKHOLVVDPLQH+RZHYHUWKHWULSOHWVWDWHFDQDOVREHTXHQFKHGE\
HJ2 WKDW LV DOZD\V SUHVHQW LQ VROXWLRQ RU LQ D SRO\PHU ILOP
 ,Q RUGHU WR
LQYHVWLJDWH WKLV ZH PHDVXUHG WKH 1G OXPLQHVFHQFH LQWHQVLW\ RI /V1G LQ
’062G VROXWLRQV EHIRUH DQG DIWHU GHJDVVLQJ QRW VKRZQ 7KH 1G 3/
LQWHQVLWLHVZHUHVLPLODU LQGLFDWLQJWKDWTXHQFKLQJE\2GRHVQRWSOD\DUROHLQ
WKH’062GVROXWLRQV$VLWLVNQRZQWKDWWKHTXHQFKLQJUDWHE\2LQVROXWLRQ
LVDERXW VLWFDQEHHVWLPDWHGWKDWWKHLQWUDPROHFXODUHQHUJ\WUDQVIHUUDWHWR
WKH 1G LRQ KDV WR EH ! V 7KLV WUDQVIHU UDWH LV RI WKH VDPH RUGHU RI
)LJXUH  3KRWROXPLQHVFHQFH VSHFWUD RI D  ZW /V1G GRSHG SRO\PHU ZDYHJXLGH
7KH GDVKHG OLQH LQGLFDWHV WKH VSHFWUXP FROOHFWHG IURP WKH WRS RI WKH ZDYHJXLGH XVLQJ
H[FLWDWLRQ DW  QP DW D SRZHU RI  P: 7KH VROLG OLQH LQGLFDWHV WKH VSHFWUXP XVLQJ
H[FLWDWLRQ DW  QP DW D SRZHU RI  P: DQG FROOHFWHG IURP WKH RXWSXW IDFH RI WKH
ZDYHJXLGH XVLQJ D PXOWLPRGH RSWLFDO ILEHU 6FKHPDWLFV RI WKH WZR PHDVXUHPHQW
FRQILJXUDWLRQV DUH VKRZQ LQ WKH ILJXUH 7KH LQVHW VKRZV WKH WLPH GHSHQGHQFH RI WKH
 QP OXPLQHVFHQFH XSRQ SXOVHG H[FLWDWLRQ
  
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  &KDSWHU


PDJQLWXGHDVIRUWULSKHQ\OHQHVHQVLWLVHG(XLQDFHWRQLWULOHVROXWLRQV
$ VSDFH ILOOLQJ PRGHO RI /V1G LQ ZKLFK DOO DWRPV DUH UHSUHVHQWHG E\
WKHLU YDQ GHU:DDOV UDGLXV VKRZV WKDW WKH GLVWDQFH EHWZHHQ OLVVDPLQH DQG WKH
1G LRQ LV  c ZKHUHDV WKH HIIHFWLYH DYHUDJH %RKU UDGLXV IRU WKH H[FLWHG
OLVVDPLQHDQGWKHXQH[FLWHG1GLRQLVDERXWc$FFRUGLQJWR’H[WHUWKLV
PHDQV WKDW  RI WKHPD[LPXPSRVVLEOH HQHUJ\ WUDQVIHU UDWH LV UHDFKHG7KLV
FRXOGEHLPSURYHGE\UHGXFLQJWKHGLVWDQFHEHWZHHQWKHOLVVDPLQHDQGWKH1G
LRQ E\ FKDQJLQJ WKH FRQILJXUDWLRQ RI DWWDFKPHQW RI WKH OLVVDPLQH $QRWKHU
SRVVLELOLW\WRLQFUHDVHWKHHQHUJ\WUDQVIHUUDWHLVWRLPSURYHWKHVSHFWUDORYHUODS
EHWZHHQ WKHVHQVLWLVHUDQG WKH1G LRQ ,Q WKHSUHVHQWFDVH WKHHQHUJ\RI WKH
WULSOHWVWDWHRIOLVVDPLQHPDWFKHVZLWKWKHFPEDQGRI1GZKLFKVKRZV
ZHDNDEVRUSWLRQ,IDVHQVLWLVHUFRXOGEHXVHGWKDWPDWFKHVWKHVWURQJ,o
6
DEVRUSWLRQEDQGFPWKHHQHUJ\WUDQVIHUUDWHFRXOGEHLQFUHDVHG
)LQDOO\ WLPHGHSHQGHQW PHDVXUHPHQWV RI WKH  QP OLVVDPLQH
OXPLQHVFHQFH ZHUH SHUIRUPHG RQ SRO\PHU ZDYHJXLGHV GRSHG ZLWK  ZW
FRPSOH[DQGDUHVKRZQ LQ)LJDIRUQHDUQRUPDO LQFLGHQFHLUUDGLDWLRQDW
WKUHHGLIIHUHQWSXPSSRZHUV(DFKPHDVXUHPHQWZDVPDGHRQDIUHVKVSRWDWWKH
VDPSOH 7KH OXPLQHVFHQFH VLJQDOZDV GHWHFWHG QRUPDO WR WKHZDYHJXLGH )RU D
SXPSSRZHURIP:WKHOXPLQHVFHQFHLQWHQVLW\VORZO\ULVHVWRDPD[LPXPDQG
WKHQ GHFUHDVHV DJDLQ $W KLJKHU SXPS SRZHUV WKH VDPH HIIHFW LV REVHUYHG EXW
ERWKWKHLQFUHDVHDQGWKHGHFUHDVHSURFHVVHVRFFXUIDVWHU7KLVSKRWRGHJUDGDWLRQ
SURFHVVPD\ EH WKH UHVXOW RI R[\JHQ LQGXFHG TXHQFKLQJ$QRWKHU SRVVLELOLW\ LV
)LJXUH  D  QP OLVVDPLQH SKRWROXPLQHVFHQFH RI D  ZW /V1GGRSHG
ZDYHJXLGH DW SXPS SRZHUV RI   DQG  P: (DFK PHDVXUHPHQW ZDV PDGH DW D IUHVK
VSRW RQ WKH VDPSOH E 6LPLODU PHDVXUHPHQWV RQ D  ZW DQG  ZW /V1GGRSHG
ZDYHJXLGH DW D SXPS SRZHU RI  P:
  


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
WKDWXSRQSKRWRH[FLWDWLRQUDGLFDOVDUHIRUPHGZKLFKUHDFWZLWKWKHVHQVLWLVHU
)LJXUHE FRPSDUHV WKH OXPLQHVFHQFH LQWHQVLW\YHUVXV LOOXPLQDWLRQ WLPH IRU
ZW DQG  ZW ILOPV 7KH  ZW GRSHG ILOP GRHV QRW VKRZ WKH LQLWLDO
LQFUHDVH LQ WKH OXPLQHVFHQFH LQWHQVLW\ 7KLV PLJKW LQGLFDWH WKDW FRQFHQWUDWLRQ
TXHQFKLQJSOD\VDUROHLQWKHWLPHGHSHQGHQWEHKDYLRUDVZHOO,Q&KDSWHUWKLV
HIIHFWZLOOEHVWXGLHGLQPRUHGHWDLO
 &RQFOXVLRQV
5RRPWHPSHUDWXUHSKRWROXPLQHVFHQFHRI1GFRPSOH[HVLQ’062GVROXWLRQ
DQG SDUWLDOO\ IOXRULQDWHG SRO\FDUERQDWHZDYHJXLGHV KDV EHHQ REVHUYHG IRUERWK
GLUHFWH[FLWDWLRQRIWKH1GLRQLQWRDKLJKHUH[FLWHGVWDWHDQGH[FLWDWLRQYLDD
KLJKO\DEVRUELQJVHQVLWLVHUOLVVDPLQH,WLVVKRZQWKDWWKHH[FLWDWLRQHIILFLHQF\
XSRQH[FLWDWLRQYLD WKH VHQVLWLVHU LV WLPHVKLJKHU WKDQ IRUGLUHFW H[FLWDWLRQ
7KH LQWUDPROHFXODU WUDQVIHU UDWH IURP WKH VHQVLWLVHU WR WKH1G LRQ LV! V
7KHOXPLQHVFHQFHOLIHWLPHLVUHODWLYHO\VKRUWERWKLQ’062GPVDQGLQ
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ZDV WDNHQ RQ WKH VDPSOH 7KH EHDP ZDV PRGXODWHG XVLQJ DQ DFRXVWRRSWLF
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WKDQ WKDW RI WKH OLVVDPLQH )LJXUH  DOVR VKRZV WKH HQHUJ\ GLDJUDP RI D
OLVVDPLQHFRPSOH[QRWFRXSOHGWR1GZKLFKZLOOEHGLVFXVVHGODWHURQ
)LJXUHDVKRZVWKHOXPLQHVFHQFHVSHFWUDRIDOLVVDPLQH1GFRPSOH[
GRSHG SRO\PHU ILOP H[FLWHG DW DQ H[FLWDWLRQZDYHOHQJWK RI  QP DW D SXPS
SRZHU RI : DQG D VSRW GLDPHWHU RI PP7KH HPLVVLRQ LV DWWULEXWHG WR WKH
OLVVDPLQHVHQVLWLVHU:VLQ)LJ7KHWLPHWRWDNHHDFKVSHFWUXPZDVPLQ
DQG WKH WLPH JLYHQ LQ WKH ILJXUH LV WKH WRWDO HODSVHG WLPH DW WKH HQG RI WKH
PHDVXUHPHQW$VFDQEHVHHQIURPWKHVSHFWUDFRQWLQXHGLOOXPLQDWLRQUHVXOWVLQ
D VPDOO EOXH VKLIW RI WKHSHDN OXPLQHVFHQFH IURP WKH OLVVDPLQHVHQVLWLVHU DV LV
DOVR VKRZQ LQ WKH LQVHW RI )LJ  7KH LQWHJUDWHG OXPLQHVFHQFH LQWHQVLW\
LQFUHDVHV IRU WKH ILUVW WKUHHPHDVXUHPHQWV DQG WKHQ GHFUHDVHV 7KH DEVRUSWLRQ
VSHFWUD RI WKH OLVVDPLQH1G FRPSOH[GRSHG SRO\PHU ILOP IRU GLIIHUHQW
LOOXPLQDWLRQWLPHVDUHVKRZQLQ)LJE$VFDQEHVHHQWKHVSHFWUDOVKDSHRI
WKH DEVRUSWLRQ VSHFWUXP UHPDLQV WKH VDPH EXW WKH DEVRUSWLRQ GHFUHDVHV XSRQ
LOOXPLQDWLRQ7KHEOXHVKLIWDQGWKHLQFUHDVHLQWKHLQWHQVLW\RIWKHOXPLQHVFHQFH
)LJXUH  /XPLQHVFHQFH D DQG DEVRUSWLRQ E VSHFWUD RI WKH OLVVDPLQH VHQVLWLVHU IRU
GLIIHUHQW LOOXPLQDWLRQ WLPHV 7KH H[FLWDWLRQ ZDYHOHQJWK ZDV  QP DW D SXPS SRZHU RI 
: LQ D  PP VSRW 7KH LQVHW VKRZV WKH SHDN SRVLWLRQ LQ QP DV D IXQFWLRQ RI WKH LOOXPLQDWLRQ
WLPH
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VSHFWUDFRXOGLQSULQFLSOHEHH[SODLQHGE\WKHEOHDFKLQJRIGLPHUVRUDJJUHJDWHV
RIFRPSOH[HVWKDWPD\EHSUHVHQWDWWKHKLJKFRQFHQWUDWLRQVDSSOLHG

EHFDXVH
WKHVH VSHFLHV KDYH D GLIIHUHQW HPLVVLRQ VSHFWUXP WKDQ PRQRPHUV GXH WR WKH
HOHFWURQLFLQWHUDFWLRQEHWZHHQWKHPROHFXOHV+RZHYHUWKLVVKRXOGDOVRUHVXOWLQ
D FKDQJHRI WKH VKDSHRI WKHDEVRUSWLRQVSHFWUXPXSRQEOHDFKLQJZKLFK LVQRW
REVHUYHG LQ )LJ E VR WKDW WKLV GLPHU EOHDFKLQJ PRGHO PD\ EH H[FOXGHG
$OWHUQDWLYHO\ WKHEOXH VKLIW FDQEHH[SODLQHGE\DFKDQJH LQ VHOIDEVRUSWLRQDV
WKHGHQVLW\RIRSWLFDOO\DFWLYHOLVVDPLQHGHFUHDVHVXSRQLOOXPLQDWLRQDVVHHQLQ
)LJ E )LJXUH  VKRZV WKDW WKH DEVRUSWLRQ DQG HPLVVLRQ VSHFWUD RI
OLVVDPLQHVWURQJO\RYHUODS7KHDEVRUSWLRQFURVVVHFWLRQRIOLVVDPLQHGHWHUPLQHG
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ILOPLVu

FP

ZKLFKUHVXOWVLQDQDEVRUSWLRQGHSWKRIURXJKO\PP7KLV
PHDQVWKDWDUDWKHUODUJHIUDFWLRQRIWKHOLVVDPLQHOXPLQHVFHQFHLVUHDEVRUEHGE\
WKH VXUURXQGLQJ OLVVDPLQH PROHFXOHV $V WKH FRQFHQWUDWLRQ RI RSWLFDOO\ DFWLYH
OLVVDPLQHLVUHGXFHGGXHWRWKHLOOXPLQDWLRQWKHVHOIDEVRUSWLRQUHGXFHVDQGDVD
UHVXOWWKHFROOHFWHGOXPLQHVFHQFHLQWHQVLW\FDQLQFUHDVHLQWKHUHJLRQZKHUHWKH
DEVRUSWLRQDQGHPLVVLRQVSHFWUDRYHUODS7KLVUHVXOWVLQDQDSSDUHQWEOXHVKLIWRI
WKH OXPLQHVFHQFH VSHFWUXP DV LV REVHUYHG LQ )LJ D

 1RWH WKDW WKH SXPS
DEVRUSWLRQGHSWKDWQPLVPPVRWKDWDEVRUSWLRQE\WKHOLVVDPLQHFDXVHV
QRVLJQLILFDQWGHSOHWLRQRIWKHSXPSLQWHQVLW\WKURXJKWKHILOP
)LJXUH  /LVVDPLQH OXPLQHVFHQFH LQWHQVLW\  QP VROLG OLQH DQG 1G OXPLQH
VFHQFH LQWHQVLW\  QP VROLG VTXDUHV DV D IXQFWLRQ RI LOOXPLQDWLRQ WLPH $OVR VKRZQ LV
WKH DEVRUSWLRQ FRHIILFLHQW RI WKH ILOP PHDVXUHG DW  QP GXULQJ LOOXPLQDWLRQ FURVVHV $
SXPS H[FLWDWLRQ ZDYHOHQJWK RI  QP DW D SRZHU RI  : DQG D  PP GLDPHWHU VSRW ZDV
XVHG
      
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)LJXUHVKRZVPHDVXUHPHQWVRIWKHOLVVDPLQHOXPLQHVFHQFHDWQP
DVZHOODV WKH1G

 OXPLQHVFHQFHDWQPDVD IXQFWLRQRI LOOXPLQDWLRQWLPH
7KHSXPSSRZHUZDV:DWDQH[FLWDWLRQZDYHOHQJWKRIQPDQGDWDVSRW
GLDPHWHURIPP7KH1G

HPLVVLRQVSHFWUXPGRHVQRWVKRZDVSHFWUDOFKDQJH
XSRQ LOOXPLQDWLRQ QRW VKRZQ7KH OLVVDPLQH OXPLQHVFHQFH ILUVW LQFUHDVHV DQG
WKHQ GHFUHDVHV DV ZDV DOVR VHHQ LQ )LJ D $OVR VKRZQ LV WKH DEVRUSWLRQ
FRHIILFLHQWPHDVXUHGDWQPGXULQJLOOXPLQDWLRQFURVVHVZKLFKVKRZVWKDW
WKHFRQFHQWUDWLRQRIRSWLFDOO\DFWLYH OLVVDPLQH LVJUDGXDOO\GHFUHDVLQJ:LWKRXW
VHOIDEVRUSWLRQ WKH OLVVDPLQH OXPLQHVFHQFH LQWHQVLW\ ZRXOG VFDOH ZLWK WKH
DEVRUSWLRQ FRHIILFLHQW EXW DW KLJK OLVVDPLQH FRQFHQWUDWLRQ VKRUW LOOXPLQDWLRQ
WLPH WKH VHOIDEVRUSWLRQ UHGXFHV WKH GHWHFWHG OXPLQHVFHQFH LQWHQVLW\ 7KLV
ZRXOGUHVXOWLQDPRUHFRQVWDQWLQWHQVLW\IRUVKRUWWLPHVEXWLWFDQQRWH[SODLQWKH
LQLWLDO LQFUHDVH LQ WKH OXPLQHVFHQFH LQWHQVLW\ DV REVHUYHG LQ )LJ  7KH
LQFUHDVH PD\ EH H[SODLQHG E\ D FRQFHQWUDWLRQ TXHQFKLQJ PRGHO DW WKH KLJK
OLVVDPLQH FRQFHQWUDWLRQXVHG ZW WKH OLVVDPLQHPROHFXOHVDUH VSDFHGE\
RQO\ D IHZ QP VR WKDW H[FLWDWLRQV FDQ HDVLO\ WUDQVIHU IURP RQH OLVVDPLQH WR
DQRWKHU E\ D)|UVWHU HQHUJ\ WUDQVIHUPHFKDQLVP ,Q WKLVZD\ WKH H[FLWDWLRQ FDQ
PLJUDWHWKURXJKWKHILOPXQWLOLWUHDFKHVDTXHQFKLQJFHQWHUDQGLVORVW,QVXFKD
TXHQFKLQJ PRGHO WKH OXPLQHVFHQFH TXDQWXP HIILFLHQF\ LQFUHDVHV ZLWK
GHFUHDVLQJ OLVVDPLQH FRQFHQWUDWLRQ 6R LI WKH DFWLYH OLVVDPLQH FRQFHQWUDWLRQ
UHGXFHV DV D UHVXOW RI LOOXPLQDWLRQ WKH TXDQWXP HIILFLHQF\ LQFUHDVHV 7KLV
DGGLWLRQDO UHGXFWLRQ RI WKH OXPLQHVFHQFH LQWHQVLW\ IRU KLJK FRQFHQWUDWLRQ FDQ
GHVFULEHWKHLQLWLDOLQFUHDVHLQWKHOXPLQHVFHQFHLQWHQVLW\ZLWKWLPH)RUDORZHU
LQWULQVLF OLVVDPLQH FRQFHQWUDWLRQ LQ WKH ILOP RQH ZRXOG H[SHFW WKH LQLWLDO
LQFUHDVH WR EH VPDOOHU RU HYHQ DEVHQW ,QGHHG WKLV LV VHHQ LQ )LJ E IRU D
ZW GRSHG SRO\PHU ILOP 8VLQJ WKH FRPELQHG HIIHFW RI VHOIDEVRUSWLRQ DQG
FRQFHQWUDWLRQ TXHQFKLQJ WKH GDWD RI )LJ FDQ EH GHVFULEHG TXDOLWDWLYHO\$
TXDQWLWDWLYHGHVFULSWLRQFRXOGQRWEHPDGHZKLFKLVDVFULEHGWRVHYHUDOXQNQRZQ
HIIHFWVVXFKDVFKDQJHVLQWKHUHIUDFWLYHLQGH[DVDUHVXOWRIWKHSKRWREOHDFKLQJ
FKDQJHVLQWKHDFWLYHOLVVDPLQHGHSWKSURILOHZLWKLQWKHOD\HUGXHWRWKHJUDGLHQW
RIWKHSXPSSRZHULQWKHILOPDQGWKHHIIHFWRIWKHVWDQGLQJZDYHSDWWHUQLQWKH
SXPSLQWHQVLW\WKURXJKRXWWKHILOPZKLFKUHVXOWVIURPPXOWLSOHUHIOHFWLRQVDWWKH
LQWHUIDFHVRIWKHOD\HUV
$V FDQ EH VHHQ LQ )LJ  WKH 1G

 OXPLQHVFHQFH LQWHQVLW\ VKRZV D
FRPSOHWHO\ GLIIHUHQW WLPH GHSHQGHQFH WKDQ WKH OLVVDPLQH OXPLQHVFHQFH LW
SUHFLVHO\ IROORZV WKH GHFUHDVH LQ DEVRUSWLRQ FRHIILFLHQW GXH WR WKH GHFUHDVLQJ
DFWLYH OLVVDPLQHFRQFHQWUDWLRQ$V WKHH[FLWDWLRQRI WKH1G

 LRQRFFXUVYLD WKH
WULSOHWVWDWHRIWKHOLVVDPLQHRQHZRXOGDOVRH[SHFWDQLQLWLDOLQFUHDVHLQWKH1G


OXPLQHVFHQFH+RZHYHU WKLV LV QRW REVHUYHG2QHZD\ WR H[SODLQ WKHGLIIHUHQW
EHKDYLRXU RI WKH OLVVDPLQH DQG1G LQWHQVLWLHV LV E\ DVVXPLQJ WKDW WZR W\SHVRI
FRPSOH[HV H[LVW LQ WKH SRO\PHU ILOP VHH )LJ  2QH ZKLFK VKRZV WKH
EHKDYLRXU DV REVHUYHG LQ )LJ  H[SODLQHG E\ FRQFHQWUDWLRQ TXHQFKLQJ DQG
WKDWGRHVQRWFRXSOHWRWKH1G

LRQGHQRWHGDV/VDQGRQHWKDWFRXSOHVWRWKH
&RQFHQWUDWLRQHIIHFWVLQWKHSKRWRGHJUDGDWLRQRI«  


1G

 LRQ EXW GRHV QRW VKRZ FRQFHQWUDWLRQ TXHQFKLQJ GHQRWHG DV/V1G7KH
IDFW WKDW QR FRQFHQWUDWLRQ TXHQFKLQJ ZRXOG EH REVHUYHG IRU FRPSOH[HV WKDW
FRXSOHWR1G

FRXOGEHH[SODLQHGE\WKHµKHDY\DWRP¶HIIHFW

7KHSUHVHQFHRI
D KHDY\ DWRP OLNH 1G LQFUHDVHV WKH LQWHUV\VWHP FURVVLQJ UDWH ZLWKLQ WKH
OLVVDPLQH

 ,I WKH LQWHUV\VWHPFURVVLQJ UDWHZRXOGEH ODUJHU WKDQ WKHHIIHFWLYH
TXHQFKLQJ UDWH GXH WR FRQFHQWUDWLRQ TXHQFKLQJ a

 V

 LQ WKH RUGHU RI WKH
OXPLQHVFHQFHGHFD\UDWHWKHODWWHUZRXOGQRWEHREVHUYHG
7RVWXG\WKHKHDY\DWRPHIIHFWZHKDYHSHUIRUPHGPHDVXUHPHQWVRIWKH
OXPLQHVFHQFH OLIHWLPHRI WKH OLVVDPLQHVLQJOHWVWDWHDWQPRQ/VDQG/V1G
FRPSOH[HVLQGLPHWK\OVXOIR[LGHQRWVKRZQDQGIRXQGDOXPLQHVFHQFHOLIHWLPH
RIQV IRU WKH IUHH OLVVDPLQHDQGQV IRU WKHFRPSOH[$VVXPLQJ WKDW WKLV
UHGXFWLRQLQOXPLQHVFHQFHOLIHWLPHLVWKHUHVXOWRIDQLQFUHDVHLQWKHLQWHUV\VWHP
FURVVLQJ UDWH GXH WR WKH SUHVHQFH RI 1G

 WKH LQWHUV\VWHP FURVVLQJ UDWH LQ WKH
SUHVHQFHRI WKH1G

 LRQFDQEHFDOFXODWHGWREHu

V

,QGHHGWKLVLVPXFK
KLJKHU WKDQ WKH LQWULQVLF LQWHUV\VWHP FURVVLQJ UDWH RI SXUH OLVVDPLQH ZKLFK LV
NQRZQ WREHu

 V

1RWH WKDW WKHVHPHDVXUHPHQWVZHUHGRQH LQVROXWLRQ LQ
ZKLFKWKHHTXLOLEULXPSRVLWLRQRIWKHVHQVLWLVHUZLWKUHVSHFWWRWKH1G

LRQFDQ
EH VXEVWDQWLDOO\ GLIIHUHQW FRPSDUHG WR WKDW LQ D SRO\PHU ILOP DQG KHQFH WKH
IRXQG LQWHUV\VWHPFURVVLQJUDWHPD\QRWEHUHSUHVHQWDWLYHIRU WKHSRO\PHUILOP
+RZHYHUWKHVHGDWDFOHDUO\LQGLFDWHWKHSRVVLEOHHIIHFWRI1GRQWKHLQWHUV\VWHP
FURVVLQJUDWHDQGKHQFHDVDUJXHGDERYHRQWKHFRQFHQWUDWLRQTXHQFKLQJ)LJXUH
VKRZVWLPHGHSHQGHQWPHDVXUHPHQWVRIWKHQPHPLVVLRQRIDOLVVDPLQH
GRSHG ILOP WRJHWKHU ZLWK WKH V\VWHP UHVSRQVH ’HFRQYROXWLRQ RI WKH V\VWHP
)LJXUH  7LPHGHSHQGHQW OXPLQHVFHQFH WUDFH DW O  QP IRU D OLVVDPLQHQHRG\PLXP
GRSHG SRO\PHU ILOP VROLG OLQH DIWHU H[FLWDWLRQ ZLWK D  QV ):+0 SXOVH DW  QP DQG
D SXOVH HQHUJ\ RI  P- 7KH GDVKHG OLQH VKRZV WKH V\VWHP UHVSRQVH DIWHU H[FLWDWLRQ
     


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UHVSRQVH DQG WKH PHDVXUHG WUDFH UHVXOWV LQ D OXPLQHVFHQFH OLIHWLPH RI WKH
OLVVDPLQH VLQJOHW VWDWH ZLWK D FRPSRQHQW VKRUWHU WKDQ WKH V\VWHP UHVROXWLRQ
SVDQGDVPDOOFRPSRQHQWZLWKDOLIHWLPHRIaQVZKLFKLVFRQVLVWHQW
ZLWKWKHDERYHDVVXPSWLRQRIWKHH[LVWHQFHRIWZRGLIIHUHQWW\SHVRIFRPSOH[HV
,QWKDWFDVH WKHOLVVDPLQHFRPSOH[HVH[KLELWLQJHQHUJ\WUDQVIHU WR WKH1G

 LRQ
ZRXOG KDYH D OLIHWLPH RI OHVV WKDQ  SV FRUUHVSRQGLQJ WR DQ LQWHUV\VWHP
FURVVLQJ UDWH RI ! u

 V

 ZKLFK ZRXOG LQGHHG H[SODLQ WKH DEVHQFH RI D
FRQFHQWUDWLRQ TXHQFKLQJ HIIHFW IRU WKHVH FRPSOH[HV 7KH OLVVDPLQH FRPSOH[HV
ZLWKRXW HQHUJ\ WUDQVIHU WR WKH1GZRXOG WKHQ KDYH D OXPLQHVFHQFH OLIHWLPH RI
QV 7KH IDFW WKDW WKLV OLIHWLPH LV VKRUWHU WKDQ WKDW PHDVXUHG IRU WKH VDPH
FRPSOH[HVLQWKHVROXWLRQQVLVSUREDEO\GXHWRWKHFRQFHQWUDWLRQTXHQFKLQJ
ZKLFKUHGXFHVWKHOXPLQHVFHQFHOLIHWLPH
 &RQFOXVLRQV
/LVVDPLQHIXQFWLRQDOLVHGWHUSKHQ\OEDVHGQHRG\PLXPFRPSOH[HVZHUHGLVVROYHG
LQWRDSRO\FDUERQDWH ILOPDWDFRQFHQWUDWLRQRIZW8SRQFRQWLQXRXVODVHU
LOOXPLQDWLRQDWQPa:WKHOLVVDPLQHVHQVLWLVHUVKRZVSKRWREOHDFKLQJ
ZKLFKUHVXOWV LQDEOXHVKLIWRI WKHOLVVDPLQHHPLVVLRQVSHFWUXPGXHWRUHGXFHG
VHOIDEVRUSWLRQ ZLWKLQ WKH ILOP $W D IL[HG ZDYHOHQJWK WKH OLVVDPLQH
OXPLQHVFHQFH LQWHQVLW\ ILUVW LQFUHDVHV DQG WKHQ GHFUHDVHV GXULQJ LOOXPLQDWLRQ
ZKLFK LV DWWULEXWHG WR VHOIDEVRUSWLRQDQGDFRQFHQWUDWLRQTXHQFKLQJHIIHFW WKDW
UHGXFHV WKH HPLVVLRQ TXDQWXP HIILFLHQF\ DW KLJK FRQFHQWUDWLRQV 7KH 1G


OXPLQHVFHQFHLQWHQVLW\VKRZVQRLQLWLDOLQFUHDVHDOWKRXJKLWZRXOGEHH[SHFWHG
EDVHGRQWKHIDFWWKDWWKHQHRG\PLXPLVH[FLWHGYLDWKHOLVVDPLQH7KLVVXJJHVWV
WKDW FRQFHQWUDWLRQ TXHQFKLQJ KDV QR HIIHFW RQ WKH 1G

 OXPLQHVFHQFH 7KH
GLIIHUHQFH LQ EHKDYLRXU RI WKH HPLVVLRQ LQWHQVLW\ ZLWK LOOXPLQDWLRQ WLPH LV
H[SODLQHG E\ D PRGHO WKDW DVVXPHV WKH SUHVHQFH RI WZR GLIIHUHQW W\SHV RI
FRPSOH[HV2QH W\SH H[KLELWV HQHUJ\ WUDQVIHU WR WKH1G

 LRQZKLFK LQFUHDVHV
WKHLQWHUV\VWHPFURVVLQJUDWHZLWKLQWKHOLVVDPLQHWKHUHE\UHGXFLQJWKHLQIOXHQFH
RIFRQFHQWUDWLRQTXHQFKLQJ7KHRWKHUW\SHGRHVQRWKDYHHQHUJ\WUDQVIHUWRWKH
QHRG\PLXPDQGVKRZVFRQFHQWUDWLRQTXHQFKLQJ7KHODFNRIHQHUJ\WUDQVIHULQ
VRPH RI WKH FRPSOH[HV PLJKW EH H[SODLQHG E\ D ODUJHU GLVWDQFH EHWZHHQ WKH
VHQVLWLVHUDQGWKH1G

LRQZKLFKUHGXFHVWKHHQHUJ\WUDQVIHUUDWH
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3XPSLQJSODQDUZDYHJXLGH
DPSOLILHUVXVLQJDFRXSOHG
ZDYHJXLGHV\VWHP
$ QRYHO VFKHPH LV SUHVHQWHG WKDW FDQ EH XVHG WR HIILFLHQWO\ SXPS
RSWLFDOZDYHJXLGHDPSOLILHUV,WLVEDVHGRQWKHFRXSOLQJEHWZHHQWZR
DGMDFHQWZDYHJXLGHVZKHUHSXPS OLJKW LVJUDGXDOO\FRXSOHG IURPD
QRQDEVRUELQJ SXPS ZDYHJXLGH LQWR WKH DPSOLILHU ZDYHJXLGH 7KH
FRXSOLQJ EHWZHHQ WKH ZDYHJXLGHV LQ VXFK D FRQILJXUDWLRQ LV
FDOFXODWHG XVLQJ DQ LPSURYHG FRXSOHG PRGH WKHRU\ 7KH SURSRVHG
GLVWULEXWHGFRXSOLQJVFKHPHFDQHQKDQFHWKHRSWLFDOJDLQLQV\VWHPV
WKDW H[KLELW D UHGXFHG SXPSLQJ HIILFLHQF\ DW KLJK SXPS SRZHU $
QXPHULFDO H[DPSOH LV JLYHQ IRU D VHQVLWLVHG QHRG\PLXPGRSHG
SRO\PHU ZDYHJXLGH DPSOLILHU LQ ZKLFK WKH RSWLFDO JDLQ LQFUHDVHV
IURPG%WRG%E\FKDQJLQJIURPFRQYHQWLRQDOEXWWFRXSOLQJ
WRGLVWULEXWHGFRXSOLQJ
  &KDSWHU


 ,QWURGXFWLRQ
7KHUDSLGH[SDQVLRQRIRSWLFDOWHOHFRPPXQLFDWLRQWHFKQRORJ\LQFUHDVHVWKHQHHG
IRUSODQDURSWLFDO DPSOLILHUV WKDW FDQEHXVHG WR FRPSHQVDWH ORVVHV LQ VSOLWWHUV
VZLWFKHV PXOWLSOH[HUV DQG RWKHU GHYLFHV 3ODQDU RSWLFDO DPSOLILHUV DUH ZLGHO\
VWXGLHGDQGWKH\RIWHQXVHWKHUDUHHDUWKLRQVHUELXPRUQHRG\PLXPDVWKHDFWLYH
HOHPHQW DV WKHVH LRQV H[KLELW LQWUDI WUDQVLWLRQV DURXQGQPDQGQP
UHVSHFWLYHO\WZRRIWKHVWDQGDUGWHOHFRPPXQLFDWLRQZDYHOHQJWKV

$PSOLILFDWLRQ
LV REWDLQHG E\ RSWLFDO SXPSLQJ RI WKH UDUHHDUWK LRQV LQ RUGHU WR FUHDWH
SRSXODWLRQLQYHUVLRQ6WLPXODWHGHPLVVLRQLQGXFHGE\WKHVLJQDOOLJKWWKHQUHVXOWV
LQRSWLFDODPSOLILFDWLRQ
7KHSXPSLQJRIRSWLFDOZDYHJXLGHDPSOLILHUVLVXVXDOO\GRQHE\FRXSOLQJ
WKH SXPS EHDP LQWR WKH ZDYHJXLGH DW WKH LQSXW IDFHW RI WKH ZDYHJXLGH EXWW
FRXSOLQJ7KHSXPSOLJKWLVDEVRUEHGE\WKHUDUHHDUWKLRQVDVLWWUDYHOVWKURXJK
WKHZDYHJXLGH UHVXOWLQJ LQ DGHFUHDVH LQSXPSSRZHU DORQJ WKHZDYHJXLGH ,Q
RUGHUWRPDLQWDLQVXIILFLHQWSXPSSRZHURYHUWKHHQWLUHOHQJWKRIWKHZDYHJXLGH
UHODWLYHO\KLJKSXPSSRZHUVDUHFRXSOHGLQWRWKHLQSXWVHFWLRQRIWKHZDYHJXLGH
7KLVSXPSLQJVFKHPHFDQEHVXFFHVVIXOO\XVHGIRUPDWHULDOVLQZKLFKKLJKSXPS
SRZHUV GR QRW DIIHFW WKH SXPSLQJ HIILFLHQF\ +RZHYHU LQ VHYHUDO PDWHULDOV
V\VWHPVDQRSWLPXPSXPSSRZHU IRUDPSOLILFDWLRQH[LVW6XFKV\VWHPV LQFOXGH
KLJKO\ (UGRSHG ZDYHJXLGHV LQ ZKLFK FRRSHUDWLYH XSFRQYHUVLRQ DQG H[FLWHG
VWDWHDEVRUSWLRQ WDNHSODFH

RUV\VWHPV LQZKLFKWKHUDUHHDUWK LRQVDUHH[FLWHG
YLDHQHUJ\WUDQVIHUIURPDVHQVLWLVHU

VXFKDVGHVFULEHGLQ&KDSWHUDQG,Q
WKHVHV\VWHPVEXWWHQGFRXSOLQJLVQRWHIILFLHQW7KHH[FHVVSXPSSRZHUDWWKH
EHJLQQLQJ RI WKH ZDYHJXLGH ZLOO UHVXOW LQ SXPS DEVRUSWLRQ WKDW GRHV QRW
FRQWULEXWHWRWKHRSWLFDOJDLQ
,Q WKLV&KDSWHUZH LQWURGXFHDFRXSOLQJFRQILJXUDWLRQWKDWFDQGLVWULEXWH
WKHSXPSSRZHUHYHQO\RYHUWKHIXOOOHQJWKRIWKHVLJQDOZDYHJXLGH,WLVEDVHG
RQWKHFRXSOLQJEHWZHHQWZRZDYHJXLGHVLQFORVHSUR[LPLW\,QWKLVVFKHPHWKH
SXPS OLJKW LV JUDGXDOO\ FRXSOHG IURP D QRQDEVRUELQJ SXPS JXLGH LQWR WKH
DGMDFHQWDPSOLILHUJXLGH%\JUDGXDOO\LQFUHDVLQJWKHFRXSOLQJLHUHGXFLQJWKH
GLVWDQFHEHWZHHQ WKHJXLGHV LW LVSRVVLEOH WRPDLQWDLQDFRQVWDQWSXPSSRZHU
DORQJ WKH VLJQDO JXLGH :H ZLOO VWXG\ WKH FRXSOLQJ EHWZHHQ WZR SDUDOOHO
ZDYHJXLGHV XVLQJ FRXSOHG PRGH WKHRU\ $ QXPHULFDO H[DPSOH LV JLYHQ WKDW
VKRZV WKDW WKH RSWLFDO JDLQ RI D VHQVLWLVHG 1GGRSHG SRO\PHU ZDYHJXLGH
DPSOLILHUFDQEHHQKDQFHGXVLQJWKLVQRYHOSXPSVFKHPH
3XPSLQJSODQDUZDYHJXLGHDPSOLILHUVXVLQJDFRXSOHG«  


 &RXSOHGPRGHWKHRU\IRUGLVVLPLODUZDYHJXLGHV
7KHZDYHJXLGHVWUXFWXUHXQGHUFRQVLGHUDWLRQLVVKRZQLQ)LJ,WFRQVLVWVRID
SXPSZDYHJXLGH$ DQG D VLJQDOZDYHJXLGH% ,Q RUGHU WR HYDOXDWH WKH SHUIRU 
PDQFHRIWKLVV\VWHPZHILUVWQHHGWRFDOFXODWHWKHFRXSOLQJRISXPSSRZHULQWR
WKHVLJQDOZDYHJXLGH7KLVFDQEHGRQHXVLQJFRXSOHGPRGHWKHRU\ 
7KHFRQYHQWLRQDOFRXSOHGPRGHWKHRU\

GHDOVZLWKWKHFRXSOLQJEHWZHHQ
WZRZHDNO\LQWHUDFWLQJQHDUO\LGHQWLFDORSWLFDOZDYHJXLGHV7KHWRWDOILHOGRIWKH
ZDYHJXLGH V\VWHP FDQ EH ZULWWHQ DV D OLQHDU VXSHUSRVLWLRQ RI WKH LQGLYLGXDO
ZDYHJXLGHPRGHV(
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ZLWK]WKHSURSDJDWLRQGLUHFWLRQ7KHFRXSOHGPRGHHTXDWLRQVGHILQLQJWKHPRGH
DPSOLWXGHVD]DQGE]DORQJWKHZDYHJXLGHDUHJLYHQE\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
LQ ZKLFK JDE DUH SURSDJDWLRQ FRQVWDQWV DQG NDEED PXWXDO FRXSOLQJ FRQVWDQWV
ZKLFKLQWKLVFDVHDUHLGHQWLFDO,IWKHZDYHJXLGHVDUHQRWLGHQWLFDORULQWKHFDVH
)LJXUH  6FKHPDWLF SUHVHQWDWLRQ RI D WZRGLPHQVLRQDO FRXSOHG ZDYHJXLGH V\VWHP
FRQVLVWLQJ RI SDUDOOHO RSWLFDO ZDYHJXLGHV $ DQG % 7KH FDOFXODWHG ZDYHJXLGH PRGH
LQWHQVLW\ DORQJ WKH [D[LV LV VKRZQ IRU WKH ZDYHJXLGH JHRPHWU\ GHVFULEHG LQ WKH WH[W
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
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  &KDSWHU


RI VWURQJ FRXSOLQJ WKH PXWXDO FRXSOLQJ FRHIILFLHQWV DUH GLIIHUHQW IRU WKH WZR
ZDYHJXLGHV DQG DV D UHVXOW SRZHU LVQRWFRQVHUYHG LQ WKHFRQYHQWLRQDO WKHRU\
7KLV SUREOHP FDQ EH GHDOW ZLWK XVLQJ PRGLILHG SURSDJDWLRQ DQG FRXSOLQJ
SDUDPHWHUV JD JE NDE DQG NED DV JLYHQ LQ DSSHQGL[$

7KHVHSDUDPHWHUV DUH
NQRZQQRQOLQHDUIXQFWLRQVRIWKHILHOGVRIWKHXQSHUWXUEHGLQGLYLGXDOZDYHJXLGH
PRGHV&RQVHTXHQWO\ZKHQ WKHXQSHUWXUEHGPRGDO VROXWLRQV IRU WKH LQGLYLGXDO
ZDYHJXLGHV DUH NQRZQ WKH ILHOGV RI WKH FRXSOHG ZDYHJXLGH V\VWHP FDQ EH
FDOFXODWHG
7KH RSWLFDO PRGHV RI WKH LQGLYLGXDO ZDYHJXLGHV DUH D VROXWLRQ WR WKH
+HOPKROW] ZDYH HTXDWLRQ WKDW LV DVVRFLDWHG ZLWK 0D[ZHOO¶V HTXDWLRQV ,Q
SULQFLSOH RQH VKRXOG WDNH LQWR DFFRXQW WKH FRPSOHWH WZRGLPHQVLRQDO ILHOG
SDWWHUQRYHUWKHFURVVVHFWLRQRIWKHZDYHJXLGH+RZHYHULQJRRGDSSUR[LPDWLRQ
WKH ILHOG ([\ FDQ EH ZULWWHQ DV ([(\ ,Q WKLV DSSUR[LPDWLRQ LW FDQ EH
HDVLO\ VKRZQ WKDW LI WKH ZDYHJXLGHV KDYH WKH VDPH WKLFNQHVV GHILQHG LQ WKH
[GLUHFWLRQVHH)LJ WKHFRXSOLQJRQO\GHSHQGVRQ(\8VLQJWKHFRUUHFW
ERXQGDU\ FRQGLWLRQV WKH 7( ILHOG SDWWHUQ IRU WKH ILUVW HYHQPRGH RI WKH SXPS
ZDYHJXLGH$LVJLYHQE\
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
LQ ZKLFK N\ DQG D DUH GHWHUPLQHG IURP WKH HLJHQYDOXH HTXDWLRQ ZKLFK LV
REWDLQHG E\ VXEVWLWXWLQJ (T  LQWR WKHZDYH HTXDWLRQ&D LV D QRUPDOL]DWLRQ
FRQVWDQWDQGGWKHZDYHJXLGHZLGWK7KHDERYHFDOFXODWLRQFDQDOVREHGRQHWR
REWDLQWKH7(ILHOGRIWKHVLJQDOJXLGH%
:LWKWKHPRGDOILHOGVRI(TDVLQSXWIRUWKHFRXSOHGPRGHHTXDWLRQV
RI (T  WKH PRGDO DPSOLWXGHV D] DQG E] FDQ EH FDOFXODWHG ,I DOO SXPS
SRZHULVODXQFKHGLQWRZDYHJXLGH$DW] D E WKHVROXWLRQFDQ
EHZULWWHQDV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DQGWKHLQWHJUDWLRQLVGRQHRYHUWKHFURVVVHFWLRQRIWKHVLJQDOZDYHJXLGH
8VLQJ WKH VDPH VHW RI HTXDWLRQV LW LV DOVR SRVVLEOH WR FDOFXODWH WKH
FRXSOLQJ RI WKH VLJQDO PRGH LQWR WKH SXPS JXLGH ,Q WKH SUHVHQW ZDYHJXLGH
JHRPHWU\ D EURDG VLQJOHPRGH VLJQDO JXLGH DQG D QDUURZ VLQJOHPRGH SXPS
JXLGHWKLVORVVFDQEHQHJOHFWHG
 1XPHULFDOH[DPSOH
8VLQJWKHHTXDWLRQVGHULYHGDERYHZHFDQQRZFDOFXODWHWKHHIIHFWRIGLVWULEXWHG
FRXSOLQJ $V DQ H[DPSOH ZH ZLOO FRQVLGHU WKH VHQVLWLVHG 1G

GRSHG SRO\PHU
ZDYHJXLGH GHVFULEHG LQ&KDSWHU 7KH1G LRQV DUH LQFRUSRUDWHG LQ DQRUJDQLF
FRPSOH[ WKDW DOVR FRQWDLQV DQ RUJDQLF VHQVLWLVHU JURXS ,Q WKHVH FRPSOH[HV
JXLGH OQP QJXLGH NJXLGH QFODGGLQJ NFODGGLQJ
    
SXPS
    
    
VLJQDO
    
7DEOH  :DYHJXLGH SDUDPHWHUV RI WKH FRXSOHG RSWLFDO ZDYHJXLGH V\VWHP DV XVHG LQ
WKH FDOFXODWLRQ
  &KDSWHU


QPHPLVVLRQRI1GLVREVHUYHGDIWHUH[FLWDWLRQYLDWKHOLVVDPLQHVHQVLWLVHU
,Q WKLV ZD\ WKH 1G

 LRQ FDQ EH H[FLWHG HIILFLHQWO\ DV D UHVXOW RI WKH KLJK
DEVRUSWLRQRI WKH OLVVDPLQH DW WKHSXPSZDYHOHQJWK QP+RZHYHU LI WKH
SXPSSRZHULVKLJKHUWKDQWKHYDOXHQHHGHGIRUFRPSOHWHSRSXODWLRQLQYHUVLRQRI
WKH1GWKHH[FHVVSXPSOLJKWLVDEVRUEHGE\WKHOLVVDPLQHOHDGLQJWRDUHGXFHG
SXPSLQJHIILFLHQF\7KHUHIRUH WKHSXPSSRZHUVKRXOGEHNHSWEHORZDFHUWDLQ
OLPLWRYHUWKHOHQJWKRIWKHZDYHJXLGH
,Q WKLV H[DPSOH WKH SXPS SRZHU O    QP LV FRXSOHG WKURXJK D
PP ZLGH ZDYHJXLGH SDUDOOHO WR D  PP ZLGH VLJQDO O    QP
ZDYHJXLGH DW D VSDFLQJ EHWZHHQ WKH FHQWHUV RI WKH ZDYHJXLGH RI  PP %RWK
ZDYHJXLGHVVXSSRUWRQO\ WKH IXQGDPHQWDOPRGHVHH)LJ7KHUHDOQDQG
LPDJLQDU\ N SDUW RI WKH UHIUDFWLYH LQGH[ DUH OLVWHG LQ 7DEOH  IRU WKH WZR
ZDYHJXLGHV,QWKHSUHVHQWJHRPHWU\FRXSOLQJIURPWKHVLJQDOZDYHJXLGHLQWRWKH
SXPSZDYHJXLGH LV QHJOLJLEOH DV WKH QDUURZSXPSJXLGH GRHV QRW VXSSRUW WKH
QPPRGH
)LJXUH  VKRZV WKH FDOFXODWHG LQWHQVLW\ GLVWULEXWLRQ RI WKH SXPS RYHU
WKH OHQJWKRI WKHZDYHJXLGHXVLQJDQ LQSXWSXPSSRZHURI:7KH LQWHQVLW\
GHFUHDVHLQWKHQRQDEVRUELQJSXPSJXLGHLVHQWLUHO\GXHWRDEVRUSWLRQRISXPS
OLJKW FRXSOHG LQWR WKH KLJKO\ DEVRUELQJ VLJQDO ZDYHJXLGH ,Q WKH SUHVHQW
FRQILJXUDWLRQWKHSXPSSRZHULVDOPRVWFRPSOHWHO\DEVRUEHGDIWHUDGLVWDQFHRI
DERXW  FP 7KH SXPS SRZHU LQ WKH VLJQDO JXLGH DV D IXQFWLRQ RI WKH GLVWDQFH
IROORZVWKHVDPHGHFUHDVLQJWUHQGDVWKHFRXSOLQJFRQVWDQWLVFRQVWDQWRYHUWKH
OHQJWKRIWKHZDYHJXLGHV,WLVQRWYLVLEOHRQWKHVFDOHRI)LJDVWKHFRXSOLQJ
)LJXUH  3XPS LQWHQVLW\ LQ WKH ZDYHJXLGH VWUXFWXUH DV D IXQFWLRQ RI GLVWDQFH ] DORQJ
WKH ZDYHJXLGH
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3XPSLQJSODQDUZDYHJXLGHDPSOLILHUVXVLQJDFRXSOHG«  


FRQVWDQW LV YHU\ VPDOO ,W FDQ EH GHWHUPLQHG E\ LQWHJUDWLQJ WKH GDWD LQ)LJ 
DFURVVWKHVLJQDOZDYHJXLGH7KHUHVXOWLVVKRZQLQ)LJ$VFDQEHVHHQWKH
SRZHU LQ WKH VLJQDO JXLGH GHFUHDVHV IURP DERXW  P: WR DOPRVW ]HUR RYHU D
GLVWDQFHRIFP
7KH1G

V\VWHPFDQEHGHVFULEHGE\DIRXUOHYHOV\VWHPLQZKLFKWKHUH
LVQRPLQLPXPSXPSSRZHUUHTXLUHGIRURSWLFDOJDLQ7KHGLIIHUHQWLDOJDLQDORQJ
WKH DPSOLILHU LV FDOFXODWHG XVLQJ WKH NQRZQ UDWH HTXDWLRQV IRU WKH 1G

 OHYHO
V\VWHPZKLFKDUHJLYHQ LQDSSHQGL[%DQG WKHSXPSSRZHUDVD IXQFWLRQRI
GLVWDQFH DORQJ WKH JXLGH FDOFXODWHG DERYH 7KH UHVXOW LV VKRZQ LQ WKH LQVHW RI
)LJ1RWHWKDWHYHQZLWKDSXPSSRZHUDVORZDVP:DWWKHEHJLQQLQJRI
WKHVLJQDOJXLGHWKHGLIIHUHQWLDOJDLQLVVWLOOUHDVRQDEO\KLJKaG%FP7KH
WRWDORSWLFDOJDLQIRUWKLVZDYHJXLGHDPSOLILHULVJLYHQE\
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
LQ ZKLFK VVH   u

 FP

 WKH FURVV VHFWLRQ IRU VWLPXODWHG HPLVVLRQ DW
QP

1 uFPWKH1GFRQFHQWUDWLRQI]WKHIUDFWLRQRIH[FLWHG
1GVHHDSSHQGL[%/WKHOHQJWKRIWKHZDYHJXLGHDQGK WKHUHODWLYH
RYHUODSEHWZHHQSXPSDQGVLJQDOPRGHLQWKHVLJQDOZDYHJXLGH)RUWKHH[DPSOH
JLYHQDERYHWKHWRWDOJDLQLVFDOFXODWHGWREHG%IRUDFPORQJZDYHJXLGH
DPSOLILHU7R VKRZ WKH HIIHFW RI GLVWULEXWHG FRXSOLQJ WKH LQVHWRI)LJDOVR
)LJXUH  3XPS SRZHU LQ WKH VLJQDO JXLGH DV IXQFWLRQ RI GLVWDQFH ] LQ D VHQVLWLVHG 1G
GRSHG SRO\PHU ZDYHJXLGH 7KH LQVHW VKRZV WKH FDOFXODWHG GLIIHUHQWLDO JDLQ DV D IXQFWLRQ RI
GLVWDQFH DORQJ WKH ZDYHJXLGH IRU D FRXSOHG ZDYHJXLGH V\VWHP DQG D EXWWFRXSOHG
ZDYHJXLGH 7KH LQSXW SRZHU LQ WKH SXPS ZDYHJXLGH LV  : LQ ERWK FDVHV
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'LVWDQFH 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  &KDSWHU


LQFOXGHVWKHGLIIHUHQWLDOJDLQREWDLQHGE\XVLQJFRQYHQWLRQDOEXWWFRXSOLQJDWWKH
VDPHLQSXWSXPSSRZHURI:1RWHWKDWDOOSXPSSRZHULVFRPSOHWHO\DEVRUEHG
ZLWKLQWKHILUVWPP7KHPD[LPXPJDLQIRUWKLVFDVHLVRQO\G%
  &RQFOXVLRQV
:H KDYH LQWURGXFHG DQ RSWLFDO ZDYHJXLGH V\VWHP FRQVLVWLQJ RI WZR FORVHO\
VSDFHGSDUDOOHOZDYHJXLGHV WKDWFDQEHXVHGWRRSWLPLVHWKHSXPSLQJRISODQDU
ZDYHJXLGHDPSOLILHUV7KHLQWHUDFWLRQEHWZHHQWKHWZRZDYHJXLGHVLVFDOFXODWHG
XVLQJ FRXSOHGPRGH WKHRU\ IRUQRQLGHQWLFDOZDYHJXLGHV ,W LV VKRZQ WKDW OLJKW
FRXSOHGLQWRWKHSXPSJXLGHZLOOJUDGXDOO\FRXSOHWRWKHVLJQDOJXLGHUHVXOWLQJ
LQDPRUHHIILFLHQWSRZHUGLVWULEXWLRQDORQJ WKHVLJQDOJXLGH&DOFXODWLRQVRQD
VHQVLWLVHG1G

GRSHGSRO\PHUZDYHJXLGHV\VWHPVKRZWKDWXVLQJDEXWWFRXSOHG
ZDYHJXLGHWKHWRWDORSWLFDOJDLQLVG%ZKHUHDVDQRSWLFDOJDLQRIG%LV
SRVVLEOH XVLQJ D FRXSOHG ZDYHJXLGH V\VWHP  : LQSXW SXPS SRZHU 7KLV
FOHDUO\ VKRZV WKH DGYDQWDJH RI WKH FRXSOHG ZDYHJXLGH V\VWHP RYHU WKH
FRQYHQWLRQDOEXWWFRXSOLQJ
$SSHQGL[$
)URPWKHUHFLSURFLW\WKHRUHP

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

FRQVWDQWV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PRGLILHG
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ZLWKWKHFRQYHQWLRQDOSURSDJDWLRQFRQVWDQWEDQGFRXSOLQJFRQVWDQW.DEDQG.ED
JLYHQE\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[0ZKHUH EDED  

+HUHQDE LVWKHUHDOSDUWRIWKHUHIUDFWLYHLQGH[NDE LVWKHLPDJLQDU\SDUWRIWKH
UHIUDFWLYH LQGH[H[\ LV WKHSHUPLWWLYLW\ IXQFWLRQ IRU WKHFRPSOHWHZDYHJXLGH
V\VWHPDQGHDE[\WKHSHUPLWWLYLW\IXQFWLRQIRUWKHLVRODWHGZDYHJXLGHV$DQG
%
$SSHQGL[%
)LJXUH  VKRZV WKH VFKHPDWLF HQHUJ\ OHYHO GLDJUDP IRU WKH OLVVDPLQH
QHRG\PLXPV\VWHP7KH OLVVDPLQH LVH[FLWHG IURP WKH VLQJOHWJURXQGVWDWH 6
LQWRWKHH[FLWHGVLQJOHWVWDWH6DWDSXPSUDWH:SDIWHUZKLFKLWFDQGHFD\WR
WKHJURXQGVWDWHDWDUDWH:VRUWRWKHWULSOHWVWDWH7YLDLQWHUV\VWHPFURVVLQJ
DW D UDWH :LVF )URP WKH WULSOHW VWDWH LW FDQ WKHQ GHFD\ WR WKH JURXQG VWDWH
UDGLDWLYHO\ DW D UDWH :V RU QRQUDGLDWLYHO\ E\ WUDQVIHUULQJ LWV HQHUJ\ WR WKH
QHRG\PLXPLRQYLD’H[WHUHQHUJ\WUDQVIHUDWDUDWH:HW$IWHUWKHHQHUJ\WUDQVIHU
SURFHVVWKHQHRG\PLXPZLOOEHLQWKH

)DQG

6OHYHOIURPZKLFKLWGHFD\V
)LJXUH  6FKHPDWLF HQHUJ\ OHYHO GLDJUDP RI WKH /V1G V\VWHP 7KH GLIIHUHQW UDWH
FRQVWDQWV :L XVHG LQ WKH FDOFXODWLRQV DUH LQGLFDWHG
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UDSLGO\WRWKHOXPLQHVFHQW

)VWDWH:HDVVXPHWKDWWKHGHFD\EHWZHHQDGMDFHQW
OHYHOVLVYHU\IDVWVRWKDWHIIHFWLYHO\WKHQHRG\PLXPLVH[FLWHGGLUHFWO\LQWRWKH

) OHYHO 1:HDOVR DVVXPH UDSLGGHFD\ IURP WKH1 DQG1 OHYHOV WR WKH
JURXQGVWDWH7KHUDWHHTXDWLRQVFDQWKHQEHZULWWHQDV
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7KH 1G SRSXODWLRQ LQ1 LV GHULYHG E\ VROYLQJ WKHVH UDWH HTXDWLRQV IRU VWHDG\
VWDWH7KH WRWDOFRQFHQWUDWLRQRI OLVVDPLQH LVHTXDO WR WKH1GFRQFHQWUDWLRQ LH
667 11  1 7KH IUDFWLRQ RI H[FLWHG1G LV JLYHQ E\ I  117KH
YDOXHV RI WKH GLIIHUHQW UDWH FRQVWDQWV DUH JLYHQ LQ 7DEOH  DQG KDYH EHHQ
GHULYHG IURP VSHFWURVFRSLF PHDVXUHPHQWV GHVFULEHG LQ &KDSWHU  H[FHSW IURP
:HWZKLFKLVHVWLPDWHGIURPR[\JHQTXHQFKLQJH[SHULPHQWV

DQG:VZKLFKLV
DQHVWLPDWHEDVHGRQW\SLFDOWULSOHWVWDWHOLIHWLPHV
5HIHUHQFHV


3 * .LN DQG $ 3ROPDQ 056 %XOOHWLQ   

3 * .LN DQG $ 3ROPDQ $SSO 3K\V /HWW   

/ + 6ORRII $ 3ROPDQ 6 , .OLQN * $ +HEELQN / *UDYH ) & - 0 YDQ 9HJJHO
' 1 5HLQKRXGW DQG - : +RIVWUDDW 2SW 0DW   

+ .RJHOQLN ³7KHRU\ RI GLHOHFWULF ZDYHJXLGHV´ LQ ,QWHJUDWHG 2SWLFV &KDSWHU  7 7DPLU
QG HG 1HZ <RUN 6SULQJHU9HUODJ 

+ ) 7D\ORU DQG $ <DULY ³*XLGHG :DYH 2SWLFV´ 3URF ,(((   
UDWH :S V
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 :V 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 :LVF V
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 :HW V
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YDOXH u

3: u
 

u
 



7DEOH  9DOXHV IRU WKH GLIIHUHQW UDWHV XVHG LQ WKH RSWLFDO JDLQ FDOFXODWLRQ 3: LV WKH
SXPS SRZHU LQ WKH VLJQDO JXLGH
3XPSLQJSODQDUZDYHJXLGHDPSOLILHUVXVLQJDFRXSOHG«  




6/ &KXDQJ - /LJKWZDYH 7HFKQ   

6/ &KXDQJ LQ 3K\VLFV RI RSWRHOHFWURQLF GHYLFHV :LOH\,QWHUVFLHQFH 3XEOLFDWLRQ 1HZ
<RUN 

6 +RQJ\XDQ / 7LDQJXDQ = 5XLURQJ = <XSLQJ < *XLMDQJ + &KHQJKXL / +RQJ DQG
= $KHQJGRQJ ,((( - 4XDQW (OHF   

+ 'DL 2 0 6WDIVXGG DQG % 'XQQ $SSO 2SW   

$ 6HQQDURQJOX 2SW &RPP   
 6 , .OLQN 3K ' 7KHVLV 8QLYHUVLW\ RI 7ZHQWH (QVFKHGH 7KH 1HWKHUODQGV 
,6%1 
/XPLQHVFHQFHSURSHUWLHVRI
HUELXPGRSHGVLOLFDVROJHOILOPV
(UELXPGRSHGVROJHOILOPVZLWK(UFRQFHQWUDWLRQVEHWZHHQDQG
 DW ZHUH IRUPHG E\ VSLQFRDWLQJ D VROXWLRQ RI HUELXP QLWUDWH
WHWUDHWKR[\VLODQH HWKDQRO ZDWHU DQG +&O RQ D 6L VXEVWUDWH
5HIUDFWLYHLQGH[ILOPWKLFNQHVVDQGFRPSRVLWLRQZHUHPHDVXUHGDVD
IXQFWLRQ RI (U FRQFHQWUDWLRQ 7KH (U FRQFHQWUDWLRQ LQ WKH ILOP LV
URXJKO\ SURSRUWLRQDO WR WKH (U6L UDWLR LQ VROXWLRQ ZKLOH WKH 6L2
UDWLR YDULHV ZLWK (U FRQFHQWUDWLRQ 7KH ILOP WKLFNQHVV LQFUHDVHV IRU
LQFUHDVLQJ (U FRQFHQWUDWLRQ ZKLFK LV DWWULEXWHG WR WKH LQFUHDVHG
YLVFRVLW\ RI WKH VSLQFRDW VROXWLRQ FRPSDUHG WR SXUH 6L2 $OO ILOPV
VKRZ D ORZHU UHIUDFWLYH LQGH[ DQG DWRPLF GHQVLW\ WKDQ SXUH 6L2
ZKLFK LV DVFULEHG WR D VOLJKWO\ SRURXV VWUXFWXUH $IWHU DQQHDOLQJ DW
& WKH ILOPVVKRZFOHDUURRPWHPSHUDWXUH OXPLQHVFHQFHDW
PP IURP (U

 7KH OXPLQHVFHQFH OLIHWLPH LV UDWKHU FRQVWDQW 
PV XS WR (UFRQFHQWUDWLRQV RI  DW 7KH REVHUYDWLRQ RI D ORQJ
OXPLQHVFHQFH OLIHWLPH LPSOLHV WKDW DIWHU DQQHDOLQJ WKH ILOPV FRQWDLQ
RQO\ D VPDOO DPRXQW RI 2+ LPSXULWLHV $QQHDOLQJ WKH ILOPV LQ DLU
UDWKHUWKDQLQYDFXXPOHDGVWRVKRUWHUOLIHWLPHV
  &KDSWHU


 (UGRSHGVROJHOILOPV
(UGRSHG VLOLFD JODVV PDWHULDOV DUH ILQGLQJ PRUH DQG PRUH DSSOLFDWLRQV LQ
SKRWRQLFWHFKQRORJ\)RUH[DPSOH(UGRSHGILEHUVDUHXVHGDVWKHJDLQPHGLXP
LQORQJGLVWDQFHRSWLFDOILEHUOLQNVRSHUDWLQJDWPP(UGRSHGVLOLFDFKDQQHO
ZDYHJXLGHV ILQG DSSOLFDWLRQV LQ SODQDU RSWLFDO DPSOLILHUV WKDW DUH XVHG LQ
SKRWRQLF LQWHJUDWHG FLUFXLWV

 DQG (UGRSHG FROORLGDO VLOLFD SDUWLFOHV PLJKW EH
LQWHJUDWHG ZLWK SRO\PHU WHFKQRORJ\ WR IDEULFDWH QDQRFRPSRVLWH ZDYHJXLGH
PDWHULDOV

 $V WKH TXDQWXP HIILFLHQF\ RI WKH OXPLQHVFHQW (U

 WUDQVLWLRQ DW
PP FDQ EH TXLWH KLJK (UGRSHG VLOLFD FRXOG DOVR ILQG DSSOLFDWLRQV LQ
SKRWRQLFFU\VWDOVDVDSUREHRIWKHORFDORSWLFDOGHQVLW\RIVWDWHV


6HYHUDOPHWKRGVKDYHEHHQGHYHORSHG WR IDEULFDWH(UGRSHGVLOLFD ILOPV
LQFOXGLQJ SODVPDHQKDQFHG FKHPLFDOYDSRXUGHSRVLWLRQ

 LRQ LPSODQWDWLRQ


IODPH K\GURO\VLV

 DQG LRQ H[FKDQJH

 $Q DOWHUQDWLYH WHFKQLTXH WR GHSRVLW WKLQ
(UGRSHG VLOLFD ILOPV LV E\ XVLQJ D ZHW FKHPLFDO SURFHVV LQ ZKLFK D VROXWLRQ
FRQWDLQLQJ D VLOLFD SUHFXUVRU DQG HUELXPQLWUDWH LV VSLQFRDWHG RQ D VXEVWUDWH
IROORZHGE\DGU\LQJVWHS WKHVROJHOSURFHVV7KHDGYDQWDJHRIWKLVWHFKQLTXH
LVWKDWPDQ\GLIIHUHQWFRQVWLWXHQWVFDQEHDGGHGWRWKHVROXWLRQLQRUGHUWRWDLORU
WKHILOPFRPSRVLWLRQUHIUDFWLYHLQGH[DQG(UVROXELOLW\%HVLGHVWKDWWKHVSLQ
FRDWWHFKQLTXHPDNHVLWSRVVLEOHWRXVHYLUWXDOO\DQ\VXEVWUDWH
4XLWHVRPHUHVHDUFKKDVEHHQGRQHRQ(UGRSHGVROJHOILOPV

,QPRVW
FDVHVFRPSRVLWHVLOLFDEDVHGPDWHULDOVZHUHVWXGLHGRUEXONJODVVHVZHUHPDGH
UDWKHU WKDQ WKLQ ILOPV EXWRQO\D IHZ IRFXVRQSXUH VLOLFD VROJHO ILOPV ,Q WKLV
&KDSWHUZHPDNHDV\VWHPDWLFVWXG\RIWKHHIIHFWRI(UFRQFHQWUDWLRQRQWKHILOP
VWRFKLRPHWU\WKLFNQHVVDWRPLFGHQVLW\DQGUHIUDFWLYHLQGH[IRUSXUHVLOLFDILOPV
ZLWK (U FRQFHQWUDWLRQV LQ WKH UDQJH  DW /XPLQHVFHQFH VSHFWUD DQG
OLIHWLPHV DUH VWXGLHG YHUVXV (U FRQFHQWUDWLRQ :H ILQG WKDW WKH OXPLQHVFHQFH
OLIHWLPHGHSHQGVFULWLFDOO\RQWKHDQQHDOLQJDPELHQW)LOPVDQQHDOHGLQYDFXXP
VKRZOLIHWLPHVDVKLJKDVPVWKHKLJKHVWUHSRUWHGIRU(UGRSHGVROJHOILOPV
VRIDU
 ([SHULPHQW
(UGRSHGVROJHO ILOPVVHW ,ZHUHSUHSDUHG LQ WKHIROORZLQJZD\)LUVWD WHWUD
HWKR[\VLODQH 7(26 UHDFWLRQ PL[WXUH ZDV PDGH  J 7(26 )OXND 
J HWKDQRO SUR DQDO\VL0HUFN  J +2 DQG  J 0+&O $OGULFK
ZHUHPL[HGDQGWKHQVWLUUHGZKLOHKHDWHGWRDWHPSHUDWXUHRI&DWZKLFKLW
ZDV NHSW IRU  PLQXWHV $IWHU VWLUULQJ IRU WKUHHPLQXWHV WKH VROXWLRQ FKDQJHG
IURPRSDTXHWR WUDQVSDUHQW$Q(UVROXWLRQZDVSUHSDUHGE\GLVVROYLQJJRI
(U12´+2$OGULFKLQWRPOHWKDQRO6ROXWLRQVZLWKGLIIHUHQW(U
/XPLQHVFHQFHSURSHUWLHVRIHUELXPGRSHGVLOLFDVROJHOILOPV 


FRQFHQWUDWLRQV ZHUH PDGH E\ DGGLQJ     DQG  PO RI WKH (U
VROXWLRQ WR  PO RI WKH 7(26 UHDFWLRQ PL[WXUH ,Q RUGHU WR KDYH D VLPLODU
HWKDQRO FRQFHQWUDWLRQ LQ WKH GLIIHUHQW UHDFWLRQ PL[WXUHV WKH YROXPH RI DOO
VROXWLRQVZDVPDGHHTXDOWRPOE\DGGLQJHWKDQRO7KLVVROXWLRQZDVDJHGIRU
 KRXUV DQG WKHQ VSLQFRDWHG RQWR SUHFOHDQHG 6L VXEVWUDWHV FRYHUHG E\ D
aQP WKLFN QDWLYH R[LGH 6SLQFRDWLQJ ZDV SHUIRUPHG DW  USP IRU 
VHFRQGV
$IWHUVSLQFRDWLQJWKHVDPSOHVZHUHGULHGDW&IRUPLQXWHVLQDLU
)RUWKHDQQHDOLQJH[SHULPHQWVWZRDGGLWLRQDOVHWVRIVDPSOHVVHW,,DQG,,,ZHUH
SUHSDUHG XVLQJ D PL[WXUH RI  J 7(26  J HWKDQRO  J +2 DQG  J
0+&OWRJHWKHUZLWKDVROXWLRQRIJ(U12´+2GLVVROYHGLQWRPO
HWKDQRO$IWHUWKHVDPHDJHLQJSHULRGDVPHQWLRQHGDERYHWKHVROXWLRQZDVVSLQ
FRDWHGDWUSPIROORZHGE\DKHDWWUHDWPHQWRI
R
&IRUPLQXWHV
LQDLU
6HWV,DQG,,ZHUHDQQHDOHGIRURQHKRXULQYDFXXP

PEDUDW&
IROORZHGE\RQHKRXUDW
R
&VHW,RU
R
&VHW,,6HW,,,ZDVDQQHDOHGLQ
DLUUDWKHUWKDQYDFXXPDWWKHVDPHWHPSHUDWXUHVDVVHW,,
(UELXP GHSWK SURILOHV DQG ILOP VWRLFKLRPHWU\ ZHUH PHDVXUHG E\
5XWKHUIRUG %DFNVFDWWHULQJ 6SHFWURPHWU\ 5%6 XVLQJ  0H9 +H

 LRQV DW D
EDFNVFDWWHULQJ DQJOH RI  /D\HU WKLFNQHVV DQG UHIUDFWLYH LQGH[ ZHUH
PHDVXUHGXVLQJVSHFWURVFRSLFHOOLSVRPHWU\DWLQFRPLQJDQJOHVRI
DQGUHODWLYHWRWKHVXUIDFHQRUPDO7KHZDYHOHQJWKZDVVFDQQHGIURPWR
QPLQQPVWHSV
3KRWROXPLQHVFHQFH3/PHDVXUHPHQWVZHUHSHUIRUPHGXVLQJWKHDQG
QPOLQHVRIDQ$ULRQODVHUDVDQH[FLWDWLRQVRXUFHRSHUDWLQJDWDSRZHURI
RUP:7KHHPLWWHGOXPLQHVFHQFHZDVSURMHFWHGRQWRWKHHQWUDQFHVOLWVRID
FPPRQRFKURPDWRU DQG GHWHFWHGZLWK D OLTXLGQLWURJHQ FRROHG*H GHWHFWRU
6WDQGDUG ORFNLQ WHFKQLTXHV ZHUH HPSOR\HG XVLQJ D PHFKDQLFDO FKRSSHU WR
PRGXODWHWKHODVHUEHDP7KHVSHFWUDOUHVROXWLRQZDVQP3KRWROXPLQHVFHQFH
OLIHWLPH PHDVXUHPHQWV ZHUH SHUIRUPHG E\ PRQLWRULQJ WKH GHFD\ RI WKH
OXPLQHVFHQFHDIWHUVZLWFKLQJRII WKHOLJKWVRXUFH$GLJLWLVLQJRVFLOORVFRSHZDV
XVHGWRDYHUDJHWKHGHFD\FXUYHV7KHWLPHUHVSRQVHRIWKHV\VWHPZDVPV$Q
RSWLFDO PLFURVFRSH ZDV XVHG WR VWXG\ WKH VXUIDFH PRUSKRORJ\ RI WKH VROJHO
OD\HUV
 )LOPRSWLFDOSURSHUWLHV
5%6VSHFWUDRIWKH(UGRSHGVROJHOOD\HUVRIVHW,EHIRUHDQQHDOLQJDUHVKRZQ
LQ)LJIRUGLIIHUHQW(UFRQFHQWUDWLRQV6XUIDFHFKDQQHOVIRUWKHHOHPHQWV2
6L DQG (U DUH LQGLFDWHG E\ GDVKHG OLQHV 7KH 6L VXUIDFH FKDQQHO LV REVHUYHG
DURXQG FKDQQHO  FRUUHVSRQGLQJ WR WKH 6L LQ WKH 6L2 ILOP 7KH HGJH DW
FKDQQHOVKRZVWKHLQWHUIDFHEHWZHHQWKH6LVXEVWUDWHDQGWKH6L2ILOP7KH
  &KDSWHU



)LJXUH  5%6 VSHFWUD IRU (UGRSHG VROJHO ILOPV EHIRUH DQQHDOLQJ VHW , 'DWD DUH
VKRZQ IRU FRQFHQWUDWLRQV UDQJLQJ IURP  WR  DW 6SHFWUD DUH RIIVHW IRU FODULW\
6XUIDFH FKDQQHOV IRU 2 6L DQG (U DUH LQGLFDWHG
)LOP FRPSRVLWLRQ DW(U FRQFHQWUDWLRQ
IURP (U6L UDWLR LQ
VROXWLRQ DW 6L 2 (U
)LOP DUHDO
GHQVLW\


DWRPVFP

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7DEOH  (U FRQFHQWUDWLRQ HVWLPDWHG IURP WKH (U6L UDWLR LQ WKH VROXWLRQ WRJHWKHU ZLWK
WKH DUHDO GHQVLW\ DQG OD\HU FRPSRVLWLRQ RI (UGRSHG VROJHO ILOPV GHULYHG IURP 5%6
PHDVXUHPHQWV 7KH DWRPLF GHQVLW\ LV GHULYHG IURP WKH DUHDO GHQVLW\ GDWD WRJHWKHU ZLWK WKH
WKLFNQHVV PHDVXUHPHQWV IURP HOOLSVRPHWU\ LQ )LJ 
   



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(QHUJ\ 0H9
/XPLQHVFHQFHSURSHUWLHVRIHUELXPGRSHGVLOLFDVROJHOILOPV 


SODWHDXEHORZFKDQQHOUHODWHVWRWKHR[\JHQLQWKH6L2OD\HU7KHZLGWKRI
WKLV SODWHDX YDULHV IRU WKH GLIIHUHQW(U FRQFHQWUDWLRQV LQGLFDWLQJGLIIHUHQFHV LQ
WKHOD\HUWKLFNQHVV7KH6L2FRYHUDJHGHULYHGIURPWKHZLGWKRIWKHVHSODWHDXV
DJUHHV ZLWK WKDW GHULYHG IURP WKH ZLGWK RI WKH SODWHDXV DURXQG FKDQQHO 
ZKLFKVKRZWKHHUELXPGLVWULEXWLRQLQWKHILOP)URPWKHUDWLRRIHUELXPQLWUDWH
WR7(26LQ WKH UHDFWLRQVROXWLRQDQHVWLPDWHRI WKH(UDWRPLFFRQFHQWUDWLRQLQ
HDFKILOPFDQEHPDGHDVVXPLQJDVWRFKLRPHWULF6L2ILOPFRPSRVLWLRQ7KHVH
HVWLPDWHVDUHVKRZQLQ7DEOHWRJHWKHUZLWKWKHILOPFRPSRVLWLRQVDVGHULYHG
IURP ILWV WR WKH 5%6 VSHFWUD ILWV QRW VKRZQ $V FDQ EH VHHQ WKH (U
FRQFHQWUDWLRQVLQWKHILOPDUHTXLWHVLPLODUWRWKHHVWLPDWHGYDOXHV7KLVPDNHVLW
SRVVLEOHWRWDLORUWKH(UFRQFHQWUDWLRQUDWKHUDFFXUDWHO\7DEOHDOVRVKRZVWKH
ILOP DUHDO GHQVLW\ IRU DOO ILYH OD\HUV DV GHULYHG IURP5%6$V FDQEH VHHQ WKH
DUHDO GHQVLW\ DQG ILOP FRPSRVLWLRQ DUH VOLJKWO\ GLIIHUHQW IRU WKH ILYH (U
FRQFHQWUDWLRQV7KH OD\HUZLWK WKHKLJKHVW(U FRQFHQWUDWLRQKDV DQ DOPRVW SXUH
6L2 VWRLFKLRPHWU\ZKLOHWKHRWKHUOD\HUVDUHVRPHZKDW6LULFK
7KH WKLFNQHVV RI WKH VSLQFRDWHG OD\HUV RI VHW , EHIRUH DQQHDOLQJ DV
PHDVXUHG E\ HOOLSVRPHWU\ LV SORWWHG LQ )LJ  YHUVXV WKH QRPLQDO (U
FRQFHQWUDWLRQ GHULYHG IURP WKH (U6L UDWLR LQ VROXWLRQ$OOPHDVXUHPHQWVZHUH
SHUIRUPHG LQ WKH FHQWHU RI WKH VDPSOH $V FDQ EH VHHQ WKH OD\HU WKLFNQHVV
LQFUHDVHV ZLWK LQFUHDVLQJ (U FRQFHQWUDWLRQ 7KLV ZDV DOVR REVHUYHG E\
%UX\QRRJKH HW DO

 DQG ZDV DWWULEXWHG WR DQ LQFUHDVH LQ WKH LQLWLDO VROXWLRQ
YLVFRVLW\IRULQFUHDVLQJ(UFRQFHQWUDWLRQ8VLQJWKHPHDVXUHGILOPWKLFNQHVVWKH
DUHDO GHQVLW\ IURP7DEOH FDQEH FRQYHUWHG LQWRDQDWRPLFGHQVLW\ZKLFK LV

)LJXUH  /D\HU WKLFNQHVV RI WKH VSLQFRDWHG (UGRSHG OD\HUV EHIRUH DQQHDOLQJ VHW ,
YHUVXV (U FRQFHQWUDWLRQ DV GHULYHG IURP VSHFWURVFRSLF HOOLSVRPHWU\ PHDVXUHPHQWV
      
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(U FRQFHQWUDWLRQ DW
  &KDSWHU


)LJXUH  5HIUDFWLYH LQGH[ DV D IXQFWLRQ RI ZDYHOHQJWK IRU VSLQFRDWHG ILOPV GRSHG
ZLWK GLIIHUHQW (U FRQFHQWUDWLRQV EHIRUH DQQHDOLQJ 'DWD IRU WKHUPDOO\ JURZQ 6L2 DUH DOVR
VKRZQ

)LJXUH  3KRWROXPLQHVFHQFH VSHFWUXP RI D  DW (UGRSHG ILOP VHW , DQQHDOHG DW
 R& LQ YDFXXP 7KH H[FLWDWLRQ ZDYHOHQJWK ZDV  QP DW D SXPS SRZHU RI  P: 7KH
LQVHW VKRZV D SKRWROXPLQHVFHQFH H[FLWDWLRQ VSHFWUXP RI WKH PP HPLVVLRQ LQWHQVLW\
      




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
 DW
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3XPS ZDYHOHQJWK QP
/XPLQHVFHQFHSURSHUWLHVRIHUELXPGRSHGVLOLFDVROJHOILOPV 


DOVR VKRZQ LQ 7DEOH  7KH UHVXOWLQJ DWRPLF GHQVLW\ LV LQ WKH UDQJH
u

 FP

 ZKLFK LV ORZHU WKDQ WKDW IRU SXUH 6L2 u

 FP


)LJXUH  VKRZV WKH UHIUDFWLYH LQGH[ IRU WKHVH VDPSOHV EHIRUH DQQHDOLQJ DV D
IXQFWLRQRIZDYHOHQJWKVHW,DVREWDLQHGIURPHOOLSVRPHWU\PHDVXUHPHQWV7KH
UHIUDFWLYHLQGH[LQFUHDVHVZLWKLQFUHDVLQJ(UFRQFHQWUDWLRQEXWVWD\VZHOOEHORZ
WKDWIRUWKHUPDOO\JURZQ6L2 WKDWLVVKRZQIRUUHIHUHQFH7KLVWRJHWKHUZLWKWKH
IDFW WKDW DOO ILOPV DUH UHODWLYHO\ 6LULFK ZKLFK ZRXOG LQFUHDVH WKHLU UHIUDFWLYH
LQGH[ FRPSDUHG WR WKDW RI VWRFKLRPHWULF 6L2 DQG WKH ORZHU DWRPLF GHQVLW\
FRPSDUHG WR SXUH 6L2 OHDGV WR WKH FRQFOXVLRQ WKDW WKH VSLQFRDWHG PDWHULDOV
KDYHDSRURXVVWUXFWXUHEHIRUHDQQHDOLQJ
)LJXUH VKRZVDQRUPDOL]HG3/VSHFWUXPRIDDW(UGRSHGVRO
JHO ILOPRIVHW ,DIWHUDQQHDOLQJDW&LQYDFXXPIRUKRXU7KHVSHFWUXP
ZDVWDNHQXVLQJDQH[FLWDWLRQZDYHOHQJWKRIQPDWDSXPSSRZHURIP:
7KH (U

 OXPLQHVFHQFH DURXQG  PP LV FOHDUO\ YLVLEOH DQG UHVXOWV IURP WKH
LQWUDI WUDQVLWLRQ IURP WKH ILUVWH[FLWHGVWDWH 

, WR WKHJURXQGVWDWH 

,
7KHLQVHWRI)LJVKRZVWKHPPOXPLQHVFHQFHLQWHQVLW\DVDIXQFWLRQRI
H[FLWDWLRQZDYHOHQJWKIRU WKHVDPHVDPSOH7KLVVSHFWUXPUHIOHFWV WKHVWUXFWXUH
RI WKH RSWLFDO DEVRUSWLRQ EDQGV IURP WKH JURXQG VWDWH 

, WR WKH

) VWDWH
QP DQGWKH

+VWDWHQPVKRZLQJWKDWWKH(U

LRQVLQWKHVH6L2
OD\HUVDUHH[FLWHGWKURXJKGLUHFWRSWLFDOH[FLWDWLRQ7KLVLVZHOONQRZQIRU(U

LQ
LQVXODWLQJPDWHULDOV

LQFRQWUDVWWRWKHFDVHRI(ULQ6LULFKR[LGHPDWHULDOVOLNH
HJ DPRUSKRXV 6L6L2

 RU 6L QDQRFU\VWDOGRSHG 6L2

 LQ ZKLFK WKH (U


H[FLWDWLRQLVSKRWRFDUULHUPHGLDWHG
:H KDYH WULHG WR PHDVXUH WKH 3/ LQWHQVLW\ DV D IXQFWLRQ RI WKH (U
FRQFHQWUDWLRQ&UDFNLQJRIWKHILOPVDIWHUDQQHDOLQJUHVXOWHGLQVWURQJVFDWWHULQJ
RI WKH ODVHU OLJKW PDNLQJ FRPSDULVRQ RI WKH DEVROXWH LQWHQVLWLHV GLIILFXOW
+RZHYHU LQ JHQHUDO WKH LQWHQVLW\ LQFUHDVHV IRU LQFUHDVLQJ FRQFHQWUDWLRQ $Q
)LJXUH  2SWLFDO PLFURVFRSH LPDJH RI D YDFXXP DQQHDOHG  R&  KU SXUH VROJHO
ILOP ZLWKRXW (U &UDFNV GXH WR VKULQNDJH RI WKH ILOP DUH FOHDUO\ VHHQ
  &KDSWHU


RSWLFDOPLFURVFRSHLPDJHRIDSXUHVROJHOILOPZLWKRXW(UDQQHDOHGLQYDFXXP
DW
R
&IRUKRXULVVKRZQLQ)LJ2QHFDQREVHUYHµMLJVDZSX]]OH¶OLNH
SLHFHV WKDW FOHDUO\ ILW WRJHWKHU LQGLFDWLQJ WKDW WKH FUDFNV DUH WKH UHVXOW RI
VKULQNDJH

 ,W LV ZHOO NQRZQ WKDW VROJHO ILOPV RI VHYHUDO KXQGUHG QDQRPHWHU
WKLFNQHVV FUDFN GXULQJ DQQHDOLQJ ZKHQ ZDWHU DQG RUJDQLF UHVLGXHV HYDSRUDWH
IURP WKH ILOP ,W LV DOVR NQRZQ WKDW JURZLQJ WKLQQHU OD\HUV DQG UHSHDWLQJ WKH
VSLQFRDWGU\LQJVWHSVHYHUDOWLPHVFDQRYHUFRPHWKLVSUREOHP


7KH OXPLQHVFHQFH OLIHWLPHV IRUGLIIHUHQW(U FRQFHQWUDWLRQV DUH VKRZQ LQ
)LJ  IRU WKH ILOPV RI VHW , VDPSOHV DQQHDOHG LQ YDFXXPDW 
R
& )RU(U
FRQFHQWUDWLRQV XS WR  DW WKH OXPLQHVFHQFH OLIHWLPH UHPDLQVPRUH RU OHVV
FRQVWDQW DW  PV 2IWHQ LQ KLJKO\ (U GRSHG PDWHULDOV WKH OXPLQHVFHQFH
OLIHWLPH LV VHHQ WR GHFUHDVH ZLWK FRQFHQWUDWLRQ GXH WR TXHQFKLQJ E\ 2+
LPSXULWLHVWKHVHFRQGRYHUWRQHRIWKH2+VWUHWFKYLEUDWLRQLVUHVRQDQWZLWKWKH
(U WUDQVLWLRQ DW  PP

 7KLV HIIHFW EHFRPHV DSSDUHQW DW KLJK (U
FRQFHQWUDWLRQV ZKHQ (U(U HQHUJ\ PLJUDWLRQ WDNHV SODFH 7KH IDFW WKDW ZH
PHDVXUHORQJOXPLQHVFHQFHOLIHWLPHVDWKLJK(UFRQFHQWUDWLRQWKXVLQGLFDWHVWKDW
PRVW RI WKH ZDWHU LV UHPRYHG IURP WKH ILOP GXULQJ WKH DQQHDO WUHDWPHQW %\
WDNLQJ D VLPSOH OLQHDU FRQFHQWUDWLRQ TXHQFKLQJPRGHO DQG DVVXPLQJ D W\SLFDO
(U(UFRXSOLQJFRQVWDQWRI

P

VZHFDQHVWLPDWHIURPWKHGDWDLQ)LJ
WKH 2+ FRQFHQWUDWLRQ WR EH   SSP 1RWH WKDW WKLV DQDO\VLV LV EDVHG RQ WKH
DVVXPSWLRQ WKDW (U GRHV QRW SUHFLSLWDWH DIWHU DQQHDOLQJ DQ HIIHFW WKDW ZRXOG
UHGXFH WKH DPRXQW RI RSWLFDOO\ DFWLYH (U 7KLV DVVXPSWLRQ LV VXSSRUWHG E\ WKH
REVHUYHGLQFUHDVH LQ WKH OXPLQHVFHQFHLQWHQVLW\ZLWK(UFRQFHQWUDWLRQ(OHFWURQ
)LJXUH  /XPLQHVFHQFH OLIHWLPH IRU VSLQFRDWHG VROJHO ILOPV DQQHDOHG LQ YDFXXP VHW
, DV D IXQFWLRQ RI (U FRQFHQWUDWLRQ 7KH H[FLWDWLRQ ZDYHOHQJWK ZDV  QP DW D SXPS
SRZHU RI  P: 7KH GUDZQ OLQH LV D JXLGH WR WKH H\H
     


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&RQFHQWUDWLRQ DW
/XPLQHVFHQFHSURSHUWLHVRIHUELXPGRSHGVLOLFDVROJHOILOPV 


PLFURVFRS\ZDV SHUIRUPHG WRYHULI\ WKLV DQG DOWKRXJK VRPHGDUN VSRWVZLWK D
VL]H RI VHYHUDO QPZHUH YLVLEOH WKHVH FRXOGQRW EH LGHQWLILHG DVEHLQJ(UULFK
0RUHZRUNLVQHFHVVDU\WRFRQILUPWKLV
7KHOXPLQHVFHQFHOLIHWLPHVLQ)LJDUHPXFKORQJHUWKDQWKHOLIHWLPH
RIPV UHSRUWHGE\2ULJQDFHW DO

 IRU VLPLODU(UGRSHGVROJHO ILOPV7KH
PDLQ GLIIHUHQFH EHWZHHQ WKDWZRUN DQG WKH VDPSOHV GHVFULEHG KHUH LV WKH IDFW
WKDWRXUILOPVZHUHDQQHDOHGLQYDFXXPZKHUHDVWKHILOPVE\2ULJQDFHWDOZHUH
DQQHDOHG LQ DLU7R VWXG\ WKH HIIHFW RI WKH DQQHDOLQJ DPELHQWZHSUHSDUHG WZR
QHZ VHWV RI  DW(UGRSHG VLOLFD ILOPV2QH VHWZDV DQQHDOHG DW 
R
& LQ
YDFXXPVHW,,DQGWKHRWKHUVHWLQDLUVHW,,,)LJXUHVKRZV3/GHFD\WUDFHV
IRUWKHWZRILOPV&OHDUO\WKHDLUDQQHDOHGVDPSOHKDVDVKRUWHUOLIHWLPHPV
WKDQWKHYDFXXPDQQHDOHGVDPSOHPV$SRVVLEOHH[SODQDWLRQLVWKDWLQWKH
FDVHRIDQDQQHDOLQDLUPRUH2+UHPDLQVLQWKHILOPFRPSDUHGWRWKHFDVHRIDQ
DQQHDO LQ YDFXXP ZKLFK PLJKW EH GXH WR D VORZHU UHOHDVH RI SK\VLFDOO\ DQG
FKHPLFDOO\DEVRUEHGZDWHU0RUHUHVHDUFKLVQHHGHGWRYHULI\WKLV
 &RQFOXVLRQV
(UGRSHGVLOLFDILOPVZHUHSUHSDUHGE\VSLQFRDWLQJDVROXWLRQRIHUELXPQLWUDWH
WHWUDHWKR[\VLODQH HWKDQRO ZDWHU DQG +&O RQ D 6L VXEVWUDWH )LOP WKLFNQHVV
QPDQGFRPSRVLWLRQYDU\ VOLJKWO\ZLWK(UFRQFHQWUDWLRQ LQ WKH UDQJH
DW7KHUHIUDFWLYHLQGH[DQGDWRPLFGHQVLW\RIWKHILOPVLVORZHUWKDQ
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WKDWRISXUH6L2LQGLFDWLQJWKDWWKHILOPVDUHSRURXV$IWHUDQQHDOLQJDW
R
&
URRP WHPSHUDWXUH SKRWROXPLQHVFHQFH DW  PP LV REVHUYHG ZLWK D
OXPLQHVFHQFHOLIHWLPHDVORQJDVPVIRU(UFRQFHQWUDWLRQVXSWRDW
8VLQJ D FRQFHQWUDWLRQ TXHQFKLQJPRGHOZH FRQFOXGH WKDWPRVW RI WKHZDWHU LV
UHPRYHGIURPWKHILOPE\WKHDQQHDOWUHDWPHQWWKH2+FRQWHQWLVHVWLPDWHGWR
EH EHORZ  SSP $QQHDOV ZHUH DOVR SHUIRUPHG LQ DLU DQG OHDG WR VKRUWHU
OXPLQHVFHQFH OLIHWLPHV SRVVLEO\ FDXVHG E\ D KLJKHU 2+ FRQWHQW 2XU
PHDVXUHPHQWV VKRZ WKDW WKH VROJHO SURFHVV LQ FRPELQDWLRQ ZLWK YDFXXP
DQQHDOLQJ LV LGHDOO\ VXLWHG WR REWDLQ (UGRSHG VLOLFD H[KLELWLQJ ORQJ (U
OXPLQHVFHQFHOLIHWLPHV
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(UELXPLPSODQWHGVLOLFDFROORLGV
ZLWKKLJKOXPLQHVFHQFHTXDQWXP
HIILFLHQF\
6LOLFD FROORLGV ZLWK D GLDPHWHU RI  RU  QP JURZQ E\ ZHW
FKHPLFDO V\QWKHVLV XVLQJ HWKDQRO DPPRQLD ZDWHU DQG WHWUD
HWKR[\VLODQH ZHUH LPSODQWHG ZLWK  NH9 (U LRQ WR SHDN
FRQFHQWUDWLRQVRIDWDQGGHSRVLWHGRQWRDVLOLFRQRUJODVV
VXEVWUDWH $IWHU DQQHDOLQJ DW  & WKH FROORLGV VKRZ FOHDU
URRPWHPSHUDWXUH SKRWROXPLQHVFHQFH DW  PP ZLWK OLIHWLPHV DV
ORQJDVPV%\FRPSDULQJGDWDIRUGLIIHUHQW(UFRQFHQWUDWLRQVWKH
SXUHO\ UDGLDWLYH OLIHWLPH LV HVWLPDWHG WR EH  PV LQGLFDWLQJ D
KLJKTXDQWXPHIILFLHQF\RIDERXW7KLVKLJKTXDQWXPHIILFLHQF\
LQGLFDWHV WKDW DIWHU DQQHDOLQJ WKH VLOLFD FROORLGV DUH DOPRVW IUHH RI
2+LPSXULWLHV6SLQQLQJDOD\HURISRO\PHWK\OPHWKDFU\ODWHRYHUWKH
VLOLFD VSKHUHV UHVXOWV LQ DQ RSWLFDOO\ WUDQVSDUHQW QDQRFRPSRVLWH
OD\HU WKDW FDQ EH XVHG DV D SODQDU RSWLFDO ZDYHJXLGH DPSOLILHU DW
PPWKDWLVIXOO\FRPSDWLEOHZLWKSRO\PHUWHFKQRORJ\
  &KDSWHU


 ,QWURGXFWLRQ
%HFDXVHRIWKHLQFUHDVLQJLPSRUWDQFHRISRO\PHURSWLFDOWHFKQRORJ\LWLVLQWHUHV
WLQJWRIDEULFDWH(UGRSHGSODQDUSRO\PHUZDYHJXLGHVIRUDSSOLFDWLRQLQRSWLFDO
DPSOLILHUVRSHUDWLQJDWPP,Q&KDSWHUZHKDYHLQYHVWLJDWHGRUJDQLFUDUH
HDUWK FRPSOH[HVZKLFK FDQ EH GLVVROYHG LQ D SRO\PHUPDWUL[

0RVW RI WKHVH
FRPSOH[HV FRQWDLQ &+ ERQGV RI ZKLFK WKH VHFRQG YLEUDWLRQDO RYHUWRQH FDQ
TXHQFK WKH UDUHHDUWK OXPLQHVFHQFH

 DQGDQDOWHUQDWLYHDSSURDFK LVGHVLUHG WR
LQFRUSRUDWH(ULQDSRO\PHU$VVKRZQLQ&KDSWHU6L2LVDQH[FHOOHQWKRVWIRU
UDUHHDUWK LRQV \LHOGLQJ ORQJ OXPLQHVFHQFH OLIHWLPHV

 ,W ZRXOG WKHUHIRUH EH
LQWHUHVWLQJ WR VWXG\ LI WKHHDV\SURFHVVLQJRISRO\PHUVFRXOGEHFRPELQHGZLWK
WKH ORQJ OXPLQHVFHQFH OLIHWLPH RI (U LQ VLOLFD ,Q WKLV &KDSWHU ZH VWXG\ WKH
RSWLFDO GRSLQJ RI FROORLGDO VLOLFD SDUWLFOHV XVLQJ (U LRQ LPSODQWDWLRQ 7KH
LQIOXHQFHRI(UFRQFHQWUDWLRQDQGDQQHDOWHPSHUDWXUHRQWKHOXPLQHVFHQFHLQWHQ
VLW\DQGOLIHWLPHLVGHWHUPLQHG,WLVIRXQGWKDWWKHVLOLFDFROORLGVDUHDQH[FHOOHQW
KRVW IRU(U\LHOGLQJDKLJKTXDQWXPHIILFLHQF\$VD ILUVWGHPRQVWUDWLRQRI WKH
SRVVLEOHDSSOLFDWLRQLQSRO\PHUZDYHJXLGHVRSWLFDOWUDQVPLVVLRQPHDVXUHPHQWV
DUHVKRZQIRUDSRO\PHUILOPGRSHGZLWKWKHVH(UGRSHGVLOLFDFROORLGV
 ([SHULPHQW
6LOLFDFROORLGVZLWKDGLDPHWHURIRUQPZHUHV\QWKHVLVHGDVGHVFULEHG
E\ YDQ %ODDGHUHQ HW DO

 6ROXWLRQV RI  PO HWKDQRO  PO 1+ ZW LQ
ZDWHUPO+2DQGPO WHWUDHWKR[\VLODQH7(26ZHUHPL[HGDQG
VWLUUHG IRU  KRXU DW URRP WHPSHUDWXUH UHVXOWLQJ LQ QXFOHDWLRQ DQG JURZWK RI
VLOLFD FROORLGV ZLWK D GLDPHWHU RI r QP DV PHDVXUHG XVLQJ VFDQQLQJ
HOHFWURQPLFURVFRS\ 6(0 ,QRQH VHW RI VDPSOHV WKHGLDPHWHURI WKH VSKHUHV
ZDVLQFUHDVHGWRQPE\VXEVHTXHQWDGGLWLRQRI7(26WRWKHUHDFWLRQYHVVHO


$IWHU WKH UHDFWLRQ WKH VXVSHQVLRQ ZDV FHQWULIXJHG DQG WKH UHPDLQLQJ FROORLGV
ZHUHGLVVROYHGLQSXUHHWKDQRO’URSOHWVRI WKHVROXWLRQZHUHSXWRQWRDVLOLFRQ
VXEVWUDWH RU D PLFURVFRSH FRYHU JODVV FOHDQHG ZLWK D  0 .2+HWKDQRO
VROXWLRQ $IWHU HYDSRUDWLRQ RI WKH HWKDQRO D WKLQ OD\HU RI FROORLGV UHPDLQHG
1H[W WKH VDPSOHV ZHUH LUUDGLDWHG ZLWK  NH9 (U

 LRQV DW YDULRXV IOXHQFHV
UDQJLQJIURPuWRuLRQVFP7KHSURMHFWHGUDQJHRINH9(U
LQVLOLFDLVQP,PSODQWDWLRQRIWKHVHLRQIOXHQFHVLQWRDSODQDUILOPUHVXOWVLQ
D*DXVVLDQ(UGLVWULEXWLRQZLWKDIXOOZLGWKDWKDOIPD[LPXP):+0RIQP
,W LV REYLRXV WKDW LQ WKHVH QRQXQLIRUP FROORLGDO OD\HUV D OHVV ZHOOGHILQHG
FRQFHQWUDWLRQSURILOHEXLOGVXS$IWHULPSODQWDWLRQWKHVDPSOHVZHUHDQQHDOHGLQ
YDFXXP DW  & IRU RQH KRXU DQG WKHQ IRU DQRWKHU KRXU DW GLIIHUHQW
WHPSHUDWXUHVLQWKHUDQJH&
(UELXPLPSODQWHGVLOLFDFROORLGVZLWKKLJKOXPLQHVFHQFH«  


,Q RUGHU WR VWXG\ WKH (U LQFRUSRUDWLRQ LQ WKH FROORLGV 5XWKHUIRUG
EDFNVFDWWHULQJ VSHFWURVFRS\ 5%6 PHDVXUHPHQWV ZHUH SHUIRUPHG XVLQJ D
0H9+H

 EHDP DW D VFDWWHULQJ DQJOH RI 
R
 6FDQQLQJ HOHFWURQPLFURVFRS\
6(0ZDVSHUIRUPHGDWDQHOHFWURQHQHUJ\RINH9Photoluminescence (PL) 
measurements were performed using the 488 nm and 515 nm lines of an Ar ion 
pump laser at a power density of 50-60 mW/mm2 The laser beam was modulated 
with an acousto-optic modulator. The PL signal was focused into a 48-cm 
monochromator and detected with a liquid-nitrogen cooled Ge detector, using 
standard lock-in techniques, yielding a spectral resolution of 6 nm. Lifetime 
measurements were performed by monitoring the decay of the luminescence after 
switching off the light source. A digitising oscilloscope was used to average the 
decay curves. Optical transmission measurements were performed at normal 
incidence using a spectrometer at wavelengths ranging from 300-1700 nm. 
 5HVXOWVDQGGLVFXVVLRQ
)LJXUHVKRZVDQ5%6VSHFWUXPRID6LVDPSOHFRYHUHGZLWKDVLQJOHOD\HURI
 QP GLDPHWHU FROORLGV LPSODQWHG ZLWK u (UFP )RU UHIHUHQFH D
VLPXODWLRQRIDQPSXUH6L2OD\HURQD6LVXEVWUDWHLVVKRZQGDVKHGOLQH
)LJXUH  5%6 VSHFWUXP RI D VLQJOH OD\HU RI (ULPSODQWHG  NH9 u (UFP
VLOLFD FROORLGV RQ D 6L VXEVWUDWH VROLG OLQH  0H9 +H LRQV ZHUH XVHG DW D VFDWWHULQJ DQJOH
RI R $ VLPXODWLRQ RI D  QP 6L2 ILOP RQ D VLOLFRQ VXEVWUDWH GDVKHG OLQH LV DOVR
VKRZQ 7KH GDVKHG OLQH DW FKDQQHO  LQGLFDWHV WKH SRVLWLRQ RI WKH 6L26L LQWHUIDFH IRU (U
7KH LQVHW VKRZV D 6(0 LPDJH RI WKH VDPH VDPSOH
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7KHVXUIDFHFKDQQHOVRI(U6LDQG2DUHLQGLFDWHGE\WKHDUURZV7KH6LFRQWHQW
DWWKHVXUIDFHLVDOPRVWVLPLODUWRWKH6LFRQWHQWLQSXUH6L2LQGLFDWLQJWKDWWKH
VXEVWUDWHLVDOPRVWFRPSOHWHO\FRYHUHGZLWKFROORLGV7KH6L\LHOGWKHQLQFUHDVHV
ZLWKGHFUHDVLQJHQHUJ\DVDUHVXOWRIWKHVSKHULFDOVKDSHRIWKHFROORLGV7KH6L
\LHOG FRLQFLGHVZLWK WKDW RI WKH VLPXODWLRQ DW FKDQQHO  FRQVLVWHQWZLWK WKH
FROORLGGLDPHWHURIQP7KHVLJQDOEHWZHHQFKDQQHODQG LVGXH WR
WKH LPSODQWHG (U 7KH (U SHDN FRQFHQWUDWLRQ LV  DW 1RWH WKDW D VPDOO
IUDFWLRQRI WKH LPSODQWHG(UKDVHQWHUHGWKH6LVXEVWUDWHDV LVHYLGHQWIURPWKH
(UWDLOQHDUFKDQQHO7KHLQVHWLQ)LJVKRZVD6(0LPDJHRIGHSRVLWHG
FROORLGV  QP GLDPHWHU VKRZLQJ D UDWKHU GLVRUGHUHG DUUD\ RI SDUWLFOHV
H[WHQGLQJRYHUVHYHUDOOD\HUV
7KH VDPSOHVXVHG IRU3/PHDVXUHPHQWVFRQVLVWHGRIDERXW OD\HUVRI
VLOLFD FROORLGV DV GHWHUPLQHG IURP 5%6 DQG 6(0 )LJXUH  VKRZV WKH 3/
VSHFWUXP RI FROORLGDO VLOLFD SDUWLFOHV LPSODQWHG WR D SHDN FRQFHQWUDWLRQ RI
DWDQGDQQHDOHGDW&IRUKRXU6(0VKRZHG WKDW WKH LPSODQWDWLRQ
DQGDQQHDOLQJFDXVHGQRGHIRUPDWLRQRIWKHVLOLFDVSKHUHV7KHVSHFWUXPVKRZV
W\SLFDO(U

OXPLQHVFHQFHDURXQGPPGXHWRWUDQVLWLRQVIURPWKH,WRWKH

, OHYHO7KH WZRSHDNV UHVXOW IURP6WDUN VSOLWWLQJRI WKH(U

 OHYHOVDQGDUH
FKDUDFWHULVWLFIRU(U

LQ6L2

7KHZLGWKQP):+0LVGXHWRWKHWKHUPDO
GLVWULEXWLRQ RYHU WKH 6WDUN OHYHOV DV ZHOO DV LQKRPRJHQHRXV EURDGHQLQJ ,W LV
GLIILFXOWWRFRPSDUH3/LQWHQVLWLHVIRUGLIIHUHQWLPSODQWHGVDPSOHVDVWKHFROORLG
FRYHUDJH YDULHV IURP VDPSOH WR VDPSOH DQG EHFDXVH RI WKH IDFW WKDW WKH SXPS
EHDP LV VWURQJO\ VFDWWHUHG E\ WKH VLOLFD VSKHUHV ZKLFK UHVXOWV LQ QRQXQLIRUP
SXPSLQJ +RZHYHU RQ DYHUDJH WKH LQWHQVLW\ LQFUHDVHV IRU LQFUHDVLQJ GRSLQJ
)LJXUH  3KRWROXPLQHVFHQFH VSHFWUXP IRU D WKLFN OD\HU RI VLOLFD FROORLGV LPSODQWHG
ZLWK (U  DW WDNHQ XVLQJ  QP SXPS OLJKW DW D SRZHU GHQVLW\ RI  P:PP
      
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(UELXPLPSODQWHGVLOLFDFROORLGVZLWKKLJKOXPLQHVFHQFH«  


FRQFHQWUDWLRQXSWRDWOHDVWDW
)LJXUH D VKRZV WKH SHDN 3/ LQWHQVLW\ RI VDPSOHV LPSODQWHG ZLWK
DW (U DQQHDOHG DW YDULRXV WHPSHUDWXUHV IRU  KRXU %HORZ  & QR
PHDVXUDEOH3/ZDVREVHUYHG7KLVPLJKWEHGXHWRZDWHUWKDWLVSK\VLVRUEHGRQ
WKHVXUIDFHRUWUDSSHGLQWKHSRUHVRIWKHVLOLFDPDWUL[:DWHULVNQRZQWRTXHQFK
WKH(U

OXPLQHVFHQFHDVWKHILUVWRYHUWRQHRIWKH2+YLEUDWLRQ(  FP


LVVWURQJO\UHVRQDQWZLWKWKH(U

WUDQVLWLRQ( FP

,QGHHGZRUNE\)DQ
HW DO

 DQG7LHQ HW DO

RQ EXON VLOLFD VDPSOHV JURZQ LQ D VLPLODUZD\ DV WKH
FROORLGVVKRZVWKDWEHWZHHQURRPWHPSHUDWXUHDQG&ZHDNO\ERXQGZDWHU
DQGUHVLGXDORUJDQLFPROHFXOHVYDSRULVHIROORZHGE\WKHUHPRYDORIFKHPLFDOO\
ERXQG PROHFXODU ZDWHU EHWZHHQ  DQG  & )LJXUH D VKRZV ODUJH
VFDWWHU LQ WKH GDWD DERYH  & EXW WKH JHQHUDO WUHQG LV D GHFUHDVH LQ 3/
LQWHQVLW\ FHUWDLQO\ IRU WHPSHUDWXUHV DERYH  & 7KLV PD\ EH GXH WR WKH
SUHFLSLWDWLRQ RI (U DV KDV EHHQ REVHUYHG EHIRUH LQ (U LPSODQWHG 6L2


)LJXUH  D $YHUDJH SHDN SKRWROXPLQHVFHQFH LQWHQVLW\ DW  PP DV D IXQFWLRQ RI
DQQHDO WHPSHUDWXUH IRU (ULPSODQWHG VLOLFD VSKHUHV  DW 3XPS ZDYHOHQJWK  QP
SXPS SRZHU  P: 7KH ODUJH HUURU EDUV DUH GXH WR WKH ODUJH YDULDWLRQ LQ FROORLG FRYHUDJH
RYHU WKH VXUIDFH E /XPLQHVFHQFH OLIHWLPH RI (ULPSODQWHG VLOLFD VSKHUHV  DW DV D
IXQFWLRQ RI DQQHDO WHPSHUDWXUH


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  &KDSWHU


)LJXUHEVKRZVOXPLQHVFHQFHOLIHWLPHPHDVXUHPHQWVDVDIXQFWLRQRIDQQHDO
WHPSHUDWXUHIRUDQ(UFRQFHQWUDWLRQRIDW)RUDQQHDOWHPSHUDWXUHVEHORZ
 & WKH 3/ LQWHQVLW\ ZDV WRR ORZ WR SHUIRUP OLIHWLPH PHDVXUHPHQWV 7KH
OLIHWLPHIRUDQQHDOWHPSHUDWXUHVEHWZHHQDQG&LVDERXWPVDQGLV
DOPRVWLQGHSHQGHQWRIDQQHDOWHPSHUDWXUH
:HKDYHDOVRSHUIRUPHGOLIHWLPHPHDVXUHPHQWVIRUVDPSOHVLPSODQWHGDW
KLJKHUGRVHVDQGIRXQGWKDWLQFUHDVLQJWKH(UFRQFHQWUDWLRQIURPWRDW
UHVXOWV LQ D GHFUHDVH LQ WKH OXPLQHVFHQFH OLIHWLPH IURP  WR  PV 7KHVH
OLIHWLPHV DUH DPRQJ WKH KLJKHVW REVHUYHG LQ VLOLFD JODVV $VVXPLQJ WKDW WKH
GHFUHDVH LQ OLIHWLPH LV GXH WR FRQFHQWUDWLRQ TXHQFKLQJ ZH FDQ HVWLPDWH WKH
UDGLDWLYH OLIHWLPH E\ OLQHDUO\ H[WUDSRODWLQJ WR ]HUR (U FRQFHQWUDWLRQ

 DQG ILQG
WUDG PV7KHORQJOLIHWLPHVREVHUYHGLQWKLVZRUNVKRZWKDWVLOLFDJODVV
PDGHE\ZHWFKHPLFDOV\QWKHVLV LVDQH[FHOOHQWKRVWIRU(U,WLQGLFDWHVWKDWWKH
ZDWHULPSXULW\FRQWHQWLQWKLVJODVVDIWHUDQQHDOLQJLVYHU\VPDOOSSP

:H
QRWH WKDW WKH ORQJ UDGLDWLYH OLIHWLPHFDQEHSDUWO\DWWULEXWHG WR WKH IDFW WKDW WKH
(ULPSODQWHGFROORLGVDUHVXUURXQGHGE\DLUDQGDUHUHODWLYHO\IDUDZD\IURPWKH
KLJKLQGH[6LVXEVWUDWHFDXVLQJWKHORFDORSWLFDOGHQVLW\RIVWDWHVLQWKHFROORLGV
WR EH ORZHU WKDQ WKDW RI EXON 6L2

 7KLV ZLOO EH IXUWKHU GLVFXVVHG LQ
&KDSWHU
7ZRPRQWKVDIWHUWKHILUVW3/PHDVXUHPHQWVRQWKH(ULPSODQWHGFROORLGDO
SDUWLFOHV ZH SHUIRUPHG WKH VDPH PHDVXUHPHQWV DJDLQ DQG IRXQG WKDW WKH
OXPLQHVFHQFH LQWHQVLW\ DQG OLIHWLPH ZHUH VWURQJO\ UHGXFHG $IWHU DQQHDOLQJ DW
 & ERWK WKH OXPLQHVFHQFH LQWHQVLW\ DQG OLIHWLPH UHWXUQHG WR WKH OHYHO
)LJXUH  2SWLFDO WUDQVPLVVLRQ PHDVXUHPHQWV RI D  PP VLOLFDSRO\PHU QDQRFRPSRVLWH
ILOP RQ D PLFURVFRSH FRYHU JODVV GRWWHG OLQH DQG RI D FRYHU JODVV ZLWK FROORLGV RQO\ VROLG
OLQH 0HDVXUHPHQWV DUH DOVR VKRZQ IRU D EDUH FRYHU JODVV GDVKHG OLQH
   




VXEVWUDWH
FROORLGV LQ 300$
FROORLGV RQO\
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QP
(UELXPLPSODQWHGVLOLFDFROORLGVZLWKKLJKOXPLQHVFHQFH«  


REVHUYHGDIWHUWKHLQLWLDODQQHDO7KLVVXJJHVWVWKDWVRPHWLPHDIWHUWKHDQQHDOD
WKLQILOPRIZDWHUFRYHUVWKHFROORLGV7KLVPDNHVLWQHFHVVDU\WRFRDWWKHVLOLFD
VSKHUHVZLWKDSURWHFWLYHOD\HUHJDSRO\PHU
,Q RUGHU WR LQYHVWLJDWH WKH DSSOLFDWLRQ RI WKHVH FROORLGV LQ SRO\PHU
ZDYHJXLGHVXQGRSHGVLOLFDFROORLGVZLWKDGLDPHWHURIQPZHUHGHSRVLWHG
RQWRDPLFURVFRSHFRYHUJODVV1H[WWKHVDPSOHVZHUHDQQHDOHGIRURQHKRXUDW
&DQGVXEVHTXHQWO\DVROXWLRQRIJSRO\PHWK\OPHWKDFU\ODWH300$LQ
POFKORURIRUPZDVVSXQRQWRWKHVXEVWUDWHDWDVSLQUDWHRIUSPIRUV
UHVXOWLQJ LQ D  PP WKLFN ILOP $Q RSWLFDO WUDQVPLVVLRQ PHDVXUHPHQW RQ WKLV
FROORLGSRO\PHUQDQRFRPSRVLWHILOPLVVKRZQLQ)LJDVWKHGRWWHGOLQH)RU
UHIHUHQFHDVSHFWUXPRIWKHJODVVVXEVWUDWHLVVKRZQGDVKHGOLQHWRJHWKHUZLWK
WKH WUDQVPLVVLRQVSHFWUXPRI WKH VXEVWUDWHFRYHUHGZLWK VLOLFD VSKHUHV ZLWKRXW
SRO\PHU VROLG OLQH $V FDQ EH VHHQ ZLWKRXW WKH SRO\PHU FRDWLQJ WKH
WUDQVPLVVLRQ DW VKRUW ZDYHOHQJWKV LV VWURQJO\ UHGXFHG GXH WR VFDWWHULQJ E\ WKH
VLOLFD VSKHUHV&RYHULQJ WKH VSKHUHV Q  ZLWK D 300$ Q   OD\HU
UHGXFHV WKH VFDWWHULQJ E\ UHGXFLQJ WKH UHIUDFWLYH LQGH[ GLIIHUHQFH EHWZHHQ WKH
6L2FROORLGVDQGLWVVXUURXQGLQJV1RWHWKDWLQWKLVPHDVXUHPHQWWKHLQWHUDFWLRQ
OHQJWK LV RQO\ a PP ,Q D KRPRJHQHRXVO\ GRSHG SRO\PHU ZDYHJXLGH ZLWK D
OHQJWK RI D IHZ FP WKH HIIHFW RI VFDWWHULQJ ZLOO EH VWURQJHU 7KLV ZLOO EH
GLVFXVVHGLQWKHQH[WVHFWLRQ
 3HUIRUPDQFHHVWLPDWHRIDSRO\PHUFROORLGQDQR
FRPSRVLWHZDYHJXLGHDPSOLILHU

&DOFXODWLRQRIVFDWWHULQJORVVHV

(UGRSHG VLOLFD VSKHUHV FDQ EH FRDWHG ZLWK DONR[\JURXSV ZKLFK PDNH WKHP
VROXEOH LQWR D SRO\PHU OD\HU 7KHVH SRO\PHUFROORLG QDQRFRPSRVLWH OD\HUV FDQ
WKHQEHXVHG LQDSRO\PHUEDVHGRSWLFDODPSOLILHURSHUDWLQJDWPP)RU WKLV
NLQG RI DSSOLFDWLRQ LW LV LPSRUWDQW WKDW WKH (UGRSHG OD\HUV KDYH YHU\ ORZ
LQWULQVLF ORVVHV 2QH ORVV FRPSRQHQW PD\ EH FDXVHG E\ WKH UHIUDFWLYH LQGH[
PLVPDWFKEHWZHHQFROORLGDQGSRO\PHU,QWKH5D\OHLJKOLPLWZKHUHWKHFROORLG
UDGLXVU LVVPDOOHU WKDQWKHZDYHOHQJWK WKHVFDWWHULQJFURVVVHFWLRQRIDFROORLG
ZLWKUHIUDFWLYHLQGH[QFHPEHGGHGLQDPHGLXPZLWKUHIUDFWLYHLQGH[QPLVJLYHQ
E\
  &KDSWHU
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
ZKHUHKLVWKHILOOIUDFWLRQRIWKHVSKHUHVLQWKHSRO\PHUKRVW
)LJXUHVKRZVWKHVFDWWHULQJORVVSHUXQLWOHQJWKDVDIXQFWLRQRIVSKHUH
UDGLXVIRUDW\SLFDOFDVHLHDUHIUDFWLYHLQGH[RIWKHSRO\PHUQP W\SLFDO
IRU300$DWPPDQGQF IRUWKHVLOLFDVSKHUHVDQGDILOOIUDFWLRQRI
$VFDQEHVHHQWKHVFDWWHUORVVUDSLGO\LQFUHDVHVIRULQFUHDVLQJSDUWLFOHVL]H
DQGIRUWKLVSDUWLFXODULQGH[PLVPDWFKWKHVSKHUHUDGLXVVKRXOGEHNHSWEHORZ
aQPLQRUGHUWRNHHSWKHVFDWWHULQJORVVHVEHORZG%FP
)LJXUH  VKRZV WKH PD[LPXP SDUWLFOH UDGLXV DV D IXQFWLRQ RI LQGH[
PLVPDWFK WKDW LVFDOFXODWHG WR\LHOGDZDYHJXLGH ORVVRIG%FP$VFDQEH
VHHQIRUDSDUWLFOHZLWKDUDGLXVRIQPWKHUHIUDFWLYHLQGH[GLIIHUHQFHKDVWR
EH NHSW EHORZ a 2QH VKRXOG DOVR NHHS LQ PLQG WKDW WKH GHSHQGHQFH RI
)LJXUH  6FDWWHULQJ ORVV SHU XQLW OHQJWK DV D IXQFWLRQ RI VSKHUH UDGLXV IRU 6L2 VSKHUHV
Q   HPEHGGHG LQ D 300$ ILOP Q  
    
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6SKHUH UDGLXV QP
(UELXPLPSODQWHGVLOLFDFROORLGVZLWKKLJKOXPLQHVFHQFH«  


UHIUDFWLYH LQGH[ RQ WHPSHUDWXUH LV GLIIHUHQW IRU WKH 6L2 DQG WKH SRO\PHU $Q
LQFUHDVHRI
R
&LQWHPSHUDWXUHUHVXOWVLQDUHODWLYHLQGH[GLIIHUHQFHRIDV
FDOFXODWHGXVLQJWKH&ODXVLXV0RVVRWWLUHODWLRQDQGWKHNQRZQWKHUPDOH[SDQVLRQ
FRHIILFLHQWVRIWKHSRO\PHUDQG6L2$VFDQEHVHHQLQ)LJWKLVPHDQVWKDW
WKH PD[LPXP SDUWLFOH UDGLXV KDV WR EH DERXW  QP LQ RUGHU WR NHHS WKH
VFDWWHULQJORVVHVEHORZG%FPRYHUDWHPSHUDWXUHUDQJHRI
R
&7KHGDWD
LQ )LJV  DQG  LOOXVWUDWH WKDW WKH UHIUDFWLYH LQGH[ RI WKH SRO\PHUPXVW EH
WXQHGYHU\SUHFLVHO\


2SWLFDOJDLQ

$VVXPLQJ WKDW WKH ZDYHJXLGH ORVV GXH WR VFDWWHULQJ FDQ EH HOLPLQDWHG DQ
HVWLPDWH RI WKH RSWLFDO JDLQ IRU DQ (UGRSHG VLOLFD VSKHUHSRO\PHU QDQR
FRPSRVLWH RSWLFDOZDYHJXLGH FDQ EHPDGH 7KH RSWLFDO JDLQ DV IXQFWLRQ RI WKH
ZDYHJXLGHOHQJWK/LVFDOFXODWHGXVLQJWKHIROORZLQJHTXDWLRQ

 ‡ u 
/

G]111111G%JDLQ
VV   

LQ ZKLFK VV DQG VV DUH WKH FURVV VHFWLRQV IRU VWLPXODWHG HPLVVLRQ DQG
DEVRUSWLRQDW WKH VLJQDOZDYHOHQJWK O QPV WKHVLJQDOH[FLWHGVWDWH
DEVRUSWLRQFURVV VHFWLRQDQG1DQG 1 WKHSRSXODWLRQVRI WKHJURXQGDQGILUVW
)LJXUH  0D[LPXP VSKHUH UDGLXV DV D IXQFWLRQ RI UHIUDFWLYH LQGH[ PLVPDWFK 'Q
EHWZHHQ WKH SRO\PHU OD\HU DQG 6L2 VSKHUHV \LHOGLQJ D VFDWWHULQJ ORVV RI  G%FP
  
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  &KDSWHU


H[FLWHG VWDWH RI WKH(U

 LRQ UHVSHFWLYHO\ VHH)LJ 7KHVH SRSXODWLRQV DUH
REWDLQHGE\VROYLQJWKHIROORZLQJUDWHHTXDWLRQVIRUVWHDG\VWDWHFRQGLWLRQVDQG
LQFOXGH WKH HIIHFW RI FRRSHUDWLYH XSFRQYHUVLRQ
 LQZKLFK WZR QHLJKERXULQJ
H[FLWHG (U

 LRQV LQWHUDFW DQG H[FKDQJH HQHUJ\ DV ZHOO DV H[FLWHG VWDWH
DEVRUSWLRQ

 LQ ZKLFK DQ (U

 LRQ LQ WKH 1 OHYHO DEVRUEV D SXPS SKRWRQ
H[FLWLQJLWLQWRWKH1OHYHO
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
ZKHUH1L DUHWKH(U

SRSXODWLRQVLQWKHILUVWHQHUJ\OHYHOVVHH)LJ1WKH
WRWDO(U

FRQFHQWUDWLRQWLLVWKHOXPLQHVFHQFHOLIHWLPHRIVWDWH1L5WKHSXPS
UDWH 5 WKH UDWH RI VWLPXODWHG HPLVVLRQ E\ WKH SXPS 5 WKH H[FLWHG VWDWH
DEVRUSWLRQ UDWH DQG& WKH FRHIILFLHQW IRU FRRSHUDWLYHXSFRQYHUVLRQ7KH UDWHV
5LM DUH HTXDO WR VLM3OKFD ZLWK V DQG V WKH DEVRUSWLRQ DQG VWLPXODWHG
HPLVVLRQFURVVVHFWLRQVDW WKHSXPSZDYHOHQJWKO QPV WKHH[FLWHG
VWDWH DEVRUSWLRQ FURVV VHFWLRQ K 3ODQFN¶V FRQVWDQW F WKH VSHHG RI OLJKW D WKH
ZDYHJXLGHFURVVVHFWLRQKWKHPRGHRYHUODSZLWKWKHZDYHJXLGHFRUHDQG3WKH
SXPSSRZHUDORQJWKHOHQJWKRIWKHZDYHJXLGH
&DOFXODWLQJ 3 RYHU WKH OHQJWK RI WKH ZDYHJXLGH WKH SRSXODWLRQV RI WKH
JURXQGVWDWHDQGILUVWH[FLWHGVWDWHFDQEHFDOFXODWHGRYHUWKHHQWLUHZDYHJXLGH
7KHVHSRSXODWLRQVDUHWKHQSXWLQWR(TLQRUGHUWRFDOFXODWHWKHRSWLFDOJDLQ
7KHSDUDPHWHUVXVHGLQWKHFDOFXODWLRQDUHJLYHQLQ7DEOH&URVVVHFWLRQVDQG
OLIHWLPHV ZHUH WDNHQ IURP HDUOLHU ZRUN RQ (ULPSODQWHG VLOLFD JODVV 7KH

)LJXUH  6FKHPDWLF HQHUJ\
GLDJUDP RI (U 7KH QRWDWLRQ RQ WKH
ULJKW VKRZV WKH 5XVVHO6DXQGHUV
QRWDWLRQ RI WKH GLIIHUHQW OHYHOV
ZKHUHDV WKH QRWDWLRQ RQ WKH OHIW
VKRZV WKH V\PEROV DV XVHG LQ WKH
UDWH HTXDWLRQV RI (T 
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(U

(UELXPLPSODQWHGVLOLFDFROORLGVZLWKKLJKOXPLQHVFHQFH«  



H[SUHVVLRQIRUW LQFOXGHVWKHHIIHFWRIFRQFHQWUDWLRQTXHQFKLQJDVPHDVXUHGLQ
)LJ DQGD IDFWRU IRU WKHFKDQJH LQGHFD\UDWH UHODWLYH WR WKHGHFD\UDWH
PHDVXUHG RQ (ULPSODQWHG FROORLGV EHFDXVH RI WKH HQKDQFHG ORFDO GHQVLW\ RI
VWDWHV GXH WR WKH SUHVHQFH RI WKH SRO\PHU VHH SDUDJUDSK  7KH ZDYHJXLGH
FURVV VHFWLRQ ZDV FKRVHQ VXFK WKDW LW VXSSRUWV WKH ILUVWRUGHU PRGH LQ D
ZDYHJXLGH EDVHG RQ D 6L2 VSKHUH GRSHG SRO\PHWK\OPHWKDFU\ODWH 300$
JXLGLQJOD\HUQ DQGDIOXRULQDWHG300$FODGGLQJOD\HUQ 1RWH
WKDW GXH WR WKH KLJK LQGH[ FRQWUDVW WKDW FDQ EH DFKLHYHG XVLQJ SRO\PHUV YHU\
ZHOO FRQILQHGRSWLFDOPRGHV FDQEH DFKLHYHG OHDGLQJ WR D ORZSXPS WKUHVKROG
IRURSWLFDOJDLQ)LJXUHVKRZVWKHFDOFXODWHGRSWLFDOJDLQDVDIXQFWLRQRIWKH
OHQJWKRIWKHZDYHJXLGHIRUWZRGLIIHUHQW(UFRQFHQWUDWLRQVDWDSXPSSRZHURI
P:$V FDQ EH VHHQ IRU D JLYHQ(U FRQFHQWUDWLRQ WKH JDLQ ILUVW LQFUHDVHV
3DUDPHWHU 6\PERO 9DOXH
UHIUDFWLYH LQGH[ RI VSKHUH QF 
UHIUDFWLYH LQGH[ RI PHGLXP QP 
SXPS ZDYHOHQJWK O  PP
SXPS DEVRUSWLRQ FURVV VHFWLRQ V u
 FP
SXPS HPLVVLRQ FURVV VHFWLRQ V u
 FP
VLJQDO DEVRUSWLRQ FURVV VHFWLRQ VV u
 FP
VLJQDO HPLVVLRQ FURVV VHFWLRQ VV u
 FP
XSFRQYHUVLRQ FRHIILFLHQW & u
 FPV
H[FLWHG VWDWH DEVRUSWLRQ FURVV VHFWLRQ V u
 FP
OXPLQHVFHQFH OLIHWLPH OHYHO   W u u 1DW
 V
OXPLQHVFHQFH OLIHWLPH OHYHO   W 
 V
OXPLQHVFHQFH OLIHWLPH OHYHO   W 
 V
HUELXP FRQFHQWUDWLRQ LQ VSKHUHV 1DW  DW
ILOO IUDFWLRQ RI VSKHUHVPHGLXP K 
DWRPLF GHQVLW\ RI 6L2 U u
 DWFP
WRWDO HUELXP FRQFHQWUDWLRQ 1 Ku1DWuU DWFP

LQSXW SXPS SRZHU 3  P:
ZDYHJXLGH FURVV VHFWLRQ D u FP
PRGH RYHUODS K 
ZDYHJXLGH ORVV  G%FP
7DEOH  3DUDPHWHUV DQG WKHLU V\PEROV DV XVHG LQ WKH RSWLFDO JDLQ FDOFXODWLRQ IRU WKH
(UGRSHG VLOLFD VSKHUHSRO\PHU QDQRFRPSRVLWH RSWLFDO ZDYHJXLGH DPSOLILHU
  &KDSWHU


UHDFKHVDPD[LPXPDQGWKHQGHFUHDVHVDJDLQ7KLVLVGXHWRWKHIDFWWKDWDWWKH
HQWUDQFHRIWKHZDYHJXLGHWKHSXPSSRZHULVKLJKHQRXJKWRFUHDWHSRSXODWLRQ
LQYHUVLRQ EHWZHHQ WKH ILUVW H[FLWHG VWDWH DQG WKH JURXQG VWDWH EXW DV WKHSXPS
SRZHUGHFUHDVHVDORQJWKHOHQJWKRI WKHZDYHJXLGHGXHWRDEVRUELQJ(U

 LRQV
DW VRPH SRLQW WKH SXPS SRZHU LV QR ORQJHU VXIILFLHQW WR FUHDWH SRSXODWLRQ
LQYHUVLRQ UHVXOWLQJ LQ QHW DEVRUSWLRQ 7KH KLJKHU WKH (U

 FRQFHQWUDWLRQ WKH
VKRUWHUWKHZDYHJXLGHOHQJWKDWZKLFKPD[LPXPJDLQLVDFKLHYHG7KHIDFWWKDWD
ORZHUPD[LPXPJDLQLVDFKLHYHGIRUWKHKLJKHUFRQFHQWUDWLRQLVGXHWRWKHHIIHFW
RIFRRSHUDWLYHXSFRQYHUVLRQDWKLJKFRQFHQWUDWLRQ
1H[W WKHRSWLFDOJDLQZDVFDOFXODWHGDVDIXQFWLRQRISXPSSRZHUIRUDQ
(U

FRQFHQWUDWLRQ RI  DW DQG DQ DPSOLILHU OHQJWK RI  FP7KH UHVXOW LV
VKRZQ LQ )LJ  $W ]HUR SXPS SRZHU WKH (U

 LRQV RQO\ DEVRUE DQG QR
SRSXODWLRQLQYHUVLRQLVHVWDEOLVKHGUHVXOWLQJLQQHJDWLYHJDLQ$WDSXPSSRZHU
RI DERXW P: SRSXODWLRQ LQYHUVLRQ LV UHDFKHG DQG RSWLFDO JDLQ LV DFKLHYHG
)XUWKHULQFUHDVLQJWKHSXPSSRZHUWRP:UHVXOWVLQDPD[LPXPRSWLFDOJDLQ
RI  G% 1RWH WKDW DW D JLYHQ SXPS SRZHU WKH RSWLFDO JDLQ LQ WKHVH VLOLFD
FROORLGSRO\PHU DPSOLILHUV LVPXFK KLJKHU WKDQ WKDW LQ D SXUH VLOLFDZDYHJXLGH
DPSOLILHU7KLV LV GXH WR WKH IDFW WKDW LQ WKLV QHZGHVLJQ D ODUJH LQGH[ FRQWUDVW
EHWZHHQ SRO\PHU FODGGLQJ DQG FRUH FDQ EH FKRVHQ OHDGLQJ WR KLJK PRGH
FRQILQHPHQW 7KLV KLJK LQGH[ FRQWUDVW DOVR HQDEOHV ZDYHJXLGH EHQGV ZLWK
UHODWLYHO\VPDOOEHQGLQJUDGLLVRWKDWE\XVLQJWKHSURSHUVSLUDOJHRPHWU\

D
FPORQJZDYHJXLGHDPSOLILHUFDQEHUROOHGXSWRDVL]HRIRQO\PP


)LJXUH  7RWDO JDLQ DV D IXQFWLRQ RI ZDYHJXLGH OHQJWK IRU DQ (UGRSHG FROORLGSRO\PHU
FRPSRVLWH ZDYHJXLGH DPSOLILHU SXPSHG DW  PP 'DWD DUH VKRZQ IRU (U FRQFHQWUDWLRQV
LQ WKH FROORLG RI  DW VROLG OLQH DQG  DW GDVKHG OLQH DW DQ LQSXW SRZHU RI 
P:
   


 DW
 DW
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:DYHJXLGH OHQJWK FP
(UELXPLPSODQWHGVLOLFDFROORLGVZLWKKLJKOXPLQHVFHQFH«  


 &RQFOXVLRQV 
,QFRQFOXVLRQZHKDYHREVHUYHGURRPWHPSHUDWXUHOXPLQHVFHQFHDWPPIURP
(ULPSODQWHG VLOLFD FROORLGDO VSKHUHV7KH OXPLQHVFHQFH OLIHWLPHRI(U LV DERXW
PVDQGWKHTXDQWXPHIILFLHQF\LVHVWLPDWHGWREH7KHUPDODQQHDOLQJDW
 & LV UHTXLUHG WR RSWLPLVH WKH OXPLQHVFHQFH LQWHQVLW\7KH FROORLGV FDQEH
HPEHGGHGLQDSRO\PHUWRDFKLHYHDQRSWLFDOO\DFWLYHQDQRFRPSRVLWHZDYHJXLGH
OD\HU ,W LV VKRZQ WKDW WKH UHIUDFWLYH LQGH[RI WKHSRO\PHUDQGFROORLGVPXVWEH
QHDUO\ PDWFKHG DQG WKDW WKH VL]H RI WKH VSKHUHV KDV WR EH UHODWLYHO\ VPDOO LQ
RUGHUWRKDYHWROHUDEOHVFDWWHULQJORVVHV&DOFXODWLRQVRIWKHRSWLFDOJDLQWKDWFDQ
EH DFKLHYHGZLWK WKHVH (UGRSHG VLOLFD VSKHUHSRO\PHU QDQRFRPSRVLWH RSWLFDO
ZDYHJXLGHDPSOLILHUVVKRZDPD[LPXPJDLQRIG%IRUDFPORQJDPSOLILHU
DQGDQ(UFRQFHQWUDWLRQRIDW
5HIHUHQFHV


6 /LQ - )HXHUVWHLQ DQG $ 5 0LFNHOVRQ - $SSO 3K\V   

/ + 6ORRII $ 3ROPDQ 0 3 2XGH :ROEHUV ) & - 0 YDQ 9HJJHO ' 1 5HLQKRXGW
DQG - : +RIVWUDDW - $SSO 3K\V   

/ + 6ORRII $ 3ROPDQ 6 , .OLQN * $ +HEELQN / *UDYH ) & - 0 YDQ 9HJJHO
' 1 5HLQKRXGW DQG - : +RIVWUDDW 2SW 0DW   
)LJXUH  7RWDO JDLQ DW  PP DV D IXQFWLRQ RI LQSXW SXPS SRZHU IRU D  FP ORQJ
ZDYHJXLGH DPSOLILHU DW DQ (U FRQFHQWUDWLRQ RI  DW
     





ZDYHJXLGH OHQJWK  FP
ILOO IUDFWLRQ 
(U

FRQFHQWUDWLRQ LQ VSKHUH  DW
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3XPS SRZHU P:
  &KDSWHU




* 6WHLQ DQG ( :U]EHUJ - &KHP 3K\V   

9 / (UPRODHY DQG ( % 6YHVKQLNRYD 5XVV &KHP 5HY   

$ 3ROPDQ ' & -DFREVRQ ' - (DJOHVKDP 5 & .LVWOHU DQG - 0 3RDWH - $SSO 3K\V
  

: - 0LQLVFDOFR - /LJKWZDYH 7HFKQ   

$ YDQ %ODDGHUHQ DQG $ 9ULM /DQJPXLU   

' / - 9RVVHQ 0 - $ GH 'RRG 7 YDQ 'LOOHQ / + 6ORRII & 0 YDQ .DWV 7 =LMOVWUD
( YDQ GHU 'ULIW $ 3ROPDQ DQG $ YDQ %ODDGHUHQ $GY 0DW  LQ SUHVV 2FWREHU  

; )DQ 0 :DQJ DQG * ;LRQJ 0DW 6F (QJ %  

3 7LHQ DQG /. &KDX &KHP 0DWHU   

( 6QRHNV 3* .LN DQG $ 3ROPDQ 2SW 0DW   

: %DUQHV - 0RGHUQ 2SWLFV   

( 6QRHNV $ /DJHQGLMN DQG $ 3ROPDQ 3K\V 5HY /HWW   

) $X]HO - /XPLQ   

3 %OL[W - 1LOVVRQ 7 &DUOQlV DQG % -DVNRU]\QVND ,((( 3KRWRQ 7HFKQ /HWW  


& & <H 3 5 0RUNHO ( 5 7D\ORU DQG ' 1 3D\QH LQ 3URF WK (XURSHDQ &RQIHUHQFH
RQ 2SWLFDO &RPPXQLFDWLRQ   0RQWUHX[ 

( 6QRHNV * 1 YDQ GHQ +RYHQ $ 3ROPDQ % +HQGULNVHQ 0 % - 'LHPHHU DQG
) 3ULROR - 2SW 6RF $P %   

& * $WNLQV - 5 $UPLWDJH 5 :\DWW % - $LQVOLH DQG 6 3 &UDLJ5\DQ 2SW &RP 
 

5 6 4XLPE\ : - 0LQLVFDOFR DQG % 7KRPSVRQ LQ 3URF 63,(   

/ &RJQRODWR & 'H %HUQDUGL 0 )HUUDULV $ *QD]]R 6 0RUDVFD DQG ' 6FDUDQR &6(/7
7HFK 5HS ;,;  

( 'HVXUYLUH LQ (UELXP'RSHG )LEHU $PSOLILHUV :LOH\ 1HZ <RUN 

VHH &KDSWHU 

W\SLFDO RUGHU RI PDJQLWXGH VHH HJ * 1 YDQ GHQ +RYHQ $ 3ROPDQ & YDQ 'DP
- : 0 YDQ 8IIHOHQ DQG 0 . 6PLW $SSO 3K\V /HWW   
/RFDORSWLFDOGHQVLW\RIVWDWHVLQ
6L2FROORLGDOVSKHUHV
7KH ORFDO RSWLFDO GHQVLW\ RI VWDWHV ’26 LQ 6L2 FROORLGDO VSKHUHV
ZDVFDOFXODWHGXVLQJD*UHHQ¶VIXQFWLRQPHWKRGDQGSUREHGH[SHUL
PHQWDOO\ E\ PHDVXULQJ WKH  PP OXPLQHVFHQFH GHFD\ UDWH RI (U
LRQV LPSODQWHG LQWR WKH FROORLGV 7KH UDGLDWLYH GHFD\ UDWH RI (U LQ
EXON6L2ZDVILUVWGHWHUPLQHGLQDSODQDU6L2ILOPXVLQJDWHFKQLTXH
LQ ZKLFK WKH ’26 ZDV YDULHG E\ EULQJLQJ WKH ILOP LQ FORVH FRQWDFW
ZLWK OLTXLGV ZLWK GLIIHUHQW UHIUDFWLYH LQGH[ 7KH REWDLQHG UDGLDWLYH
GHFD\UDWH:U rV

ZDVWKHQXVHGWRDQDO\VHWKHFKDQJHVLQ
WKH (U GHFD\ UDWH LQ WKH 6L2 FROORLGV DV WKH\ ZHUH HPEHGGHG LQ D
SRO\PHUILOP*RRGDJUHHPHQWZDVIRXQGEHWZHHQWKHFDOFXODWHGDQG
H[SHULPHQWDOO\SUREHG’26LQWKHFROORLGV
  &KDSWHU


 ,QWURGXFWLRQ
7KHVSRQWDQHRXVHPLVVLRQUDWHRIDQDWRPLQDJLYHQKRVW LVQRWH[FOXVLYHO\DQ
LQWULQVLFSURSHUW\EXWFDQEHDOWHUHGE\FKDQJLQJ WKH ORFDORSWLFDOHQYLURQPHQW
RIWKHDWRP7KHSUHVHQFHRIGLHOHFWULFERXQGDULHVFKDQJHVWKHORFDOHOHFWULFILHOG
IOXFWXDWLRQVDQGPRGLILHVWKHVSRQWDQHRXVHPLVVLRQUDWH6XFKHIIHFWVKDYHEHHQ
GHPRQVWUDWHGIRUDWRPVSODFHGLQPLFURFDYLWLHV

SKRWRQLFEDQGJDSPDWHULDOV


WKLQILOPV

RUFORVHWRDGLHOHFWULFLQWHUIDFH


7KH FKDQJHV LQ GHFD\ UDWH FDQ EH FDOFXODWHG E\ FDOFXODWLQJ WKH ORFDO
GHQVLW\ RI VWDWHV ’26 DQG WKHQ DSSO\LQJ )HUPL
V *ROGHQ 5XOH WR REWDLQ WKH
UDGLDWLYH GHFD\ UDWH ,W KDV EHHQ VKRZQ WKDW WKH UDGLDWLYH GHFD\ UDWH LV
SURSRUWLRQDOWRWKLVORFDO’26ERWKLQDVFDODUDSSUR[LPDWLRQ

DQGIRUWKHIXOO
0D[ZHOOHTXDWLRQV

)RUUHODWLYHO\VLPSOHJHRPHWULHVVXFKDORFDO’26FDQEH
FDOFXODWHG XVLQJ HLWKHU D IXOO VHW RI HLJHQIXQFWLRQV RI WKH +HOPKROW] ZDYH
HTXDWLRQ

 RU E\ XVLQJ *UHHQ¶V IXQFWLRQV

 )RU PRUH FRPSOLFDWHG V\VWHPV
VXFKDVSKRWRQLFFU\VWDOV

RUDEVRUELQJPDWHULDOV

LW LVPRUHGLIILFXOW WR
FDOFXODWH FKDQJHV LQ GHFD\ UDWH DQG RSWLFDO SUREH DWRPV FDQ EH XVHG WR
H[SHULPHQWDOO\ SUREH WKH’26 ,Q JHQHUDO WKHPHDVXUHG FKDQJHV LQ GHFD\ UDWH
FDQQRW EH FRPSDUHG GLUHFWO\ WR WKHRUHWLFDO UHVXOWV EHFDXVH QRQUDGLDWLYH
SURFHVVHVWKDWRFFXUSDUDOOHOWRWKHUDGLDWLYHGHFD\KDYHWREHWDNHQLQWRDFFRXQW
7KHUHIRUHLQH[SHULPHQWDOVWXGLHVRIWKH’26WKHLRQVPXVWEHLQFRUSRUDWHGLQD
UHSURGXFLEOH ZD\ DQG QRQUDGLDWLYH DQG UDGLDWLYH GHFD\ UDWHV PXVW EH NQRZQ
ILUVW
(UELXPLPSODQWHG VLOLFD FROORLGV KDYH EHHQ VWXGLHG IRU XVH LQ SRO\PHU
EDVHGSODQDURSWLFDODPSOLILHUVDQGWKHUHVXOWVZHUHGLVFXVVHGLQ&KDSWHU7KH
(U VKRZHGYHU\ ORQJ OXPLQHVFHQFH OLIHWLPHVXS WRPVZKLFKDUHDPRQJ WKH
KLJKHVW UHSRUWHG IRU (UGRSHG 6L2 +RZHYHU DV WKHVH VLOLFD VSKHUHV ZHUH
VXUURXQGHGE\DLUWKHORFDO’26FRXOGEHVLJQLILFDQWO\GLIIHUHQWIURPWKDWRI(U
GRSHG6L2ILOPVDQGDVDUHVXOWWKHUDGLDWLYHOLIHWLPHFRXOGEHGLIIHUHQW
,Q WKLV&KDSWHU D FRPSDULVRQ LVPDGH EHWZHHQPHDVXUHG GHFD\ UDWHVRI
RSWLFDOO\ DFWLYH (U

 LRQV LQFRUSRUDWHG LQ 6L2 FROORLGDO VSKHUHV DQG WKH
FDOFXODWHG ORFDO ’26 LQ WKH FROORLGV 7R VHSDUDWH UDGLDWLYH DQG QRQUDGLDWLYH
FRPSRQHQWV LQ WKH GHFD\ D UHIHUHQFH VDPSOH ZDVPDGH FRPSRVHG RI D SODQDU
HUELXP LPSODQWHG 6L2 OD\HU RQ D VLOLFRQ VXEVWUDWH7KH ORFDO’26 LQ WKH ILOP
ZDVFKDQJHGE\EULQJLQJLWLQFRQWDFWZLWKOLTXLGVZLWKGLIIHUHQWUHIUDFWLYHLQGH[
7KH UHVXOWLQJ FKDQJHV LQ WKH GHFD\ UDWH ZHUH XVHG WR GHWHUPLQH WKH UDGLDWLYH
GHFD\ UDWH RI (U LRQV LQ EXON 6L2 7KHVH GDWD ZHUH WKHQ XVHG WR DQDO\VH WKH
FKDQJHV LQ GHFD\ UDWH RI (UGRSHG 6L2 VSKHUHV WKDW ZHUH REVHUYHG XSRQ
FKDQJLQJWKH’26E\HPEHGGLQJWKHPLQDSRO\PHUPDWUL[
/RFDORSWLFDOGHQVLW\RIVWDWHVLQ6L2FROORLGDOVSKHUHV  


 ([SHULPHQW
6L2 FROORLGDO VSKHUHV ZLWK D GLDPHWHU RI  RU  QP r  ZHUH PDGH
IROORZLQJ WKH VDPH SURFHGXUH DV GHVFULEHG LQ &KDSWHU  7KH VSKHUHV ZHUH
GHSRVLWHG RQ6L VXEVWUDWHV WKDWZHUH FOHDQHG IRU PLQ LQ D 0.2+
VROXWLRQ$GURSOHWRI WKHVSKHUHVGLVVROYHGLQHWKDQROZDVSXWRQ WKHVXEVWUDWH
DQGWKHHWKDQROZDVOHWWRHYDSRUDWH
6L2 OD\HUV RI  QP WKLFNQHVV ZHUH JURZQ RQ D 6L VXEVWUDWH LQ WZR
FRQVHFXWLYH VWHSV XVLQJ D UHDFWLRQ PL[WXUH RI WHWUDHWKR[\VLODQH 7(26
HWKDQROZDWHUDQGDPPRQLD

7KHVXEVWUDWHVZHUHSXWLQWRWKHUHDFWLRQPL[WXUH
DQGWKHOD\HUZDVJURZQXQGHUFRQWLQXRXVVWLUULQJIRUKRXUV1RWHWKDWWKHERWK
WKHFROORLGVDQGWKHILOPDUHJURZQXVLQJWKHVDPHEDVHFDWDOLVHGZHWFKHPLFDO
UHDFWLRQ
7KH  QP WKLFN 6L2 OD\HUV DQG  QP GLDPHWHU VSKHUHV ZHUH
LPSODQWHG DW URRPWHPSHUDWXUH ZLWK  NH9 (U

 LRQV WR IOXHQFHV RI
u

LRQVFP

 DQG u

LRQVFP

 7KH QP GLDPHWHU VSKHUHV ZHUH
LPSODQWHG ZLWK  NH9 (U

 LRQV DW IOXHQFHV IURP u

 u

 DQG
u

LRQVFP

7KHNH9LPSODQWDWLRQSXWVWKH(ULRQVDWDGHSWKRI
QPZLWK D VWDQGDUG GHYLDWLRQ LQ WKH*DXVVLDQGHSWKSURILOHRIV QP7KH
SHDNFRQFHQWUDWLRQVDUHDQGDWIRUWKHILOPVDQGQPFROORLGVDQG
  DQG  DW IRU WKH  QP FROORLGV$IWHU LPSODQWDWLRQ WKH VDPSOHV
ZHUHDQQHDOHGLQDYDFXXPIXUQDFHSUHVVXUHu

PEDUDW
R
&IRUKRXU
DQGDW
R
&IRUDQRWKHUKRXU6RPHRIWKHVDPSOHVZLWKQPVSKHUHVZHUH
FRDWHGZLWKDaPPWKLFNSRO\PHWK\OPHWKDFU\ODWH300$OD\HUDWDVSLQUDWH
RIUSPIRUV
3KRWROXPLQHVFHQFH 3/ GHFD\ PHDVXUHPHQWV ZHUH SHUIRUPHG DIWHU
H[FLWDWLRQ XVLQJ WKH  QP OLQH RI DQ $U LRQ ODVHU 7KH SXPS EHDP ZDV
PRGXODWHG DW  +] XVLQJ DQ DFRXVWRRSWLF PRGXODWRU 7KH 3/ VLJQDO ZDV
IRFXVHG RQWR WKH HQWUDQFH VOLW RI D FPJUDWLQJPRQRFKURPDWRU DQG GHWHFWHG
ZLWKDOLTXLGQLWURJHQFRROHG*HGHWHFWRUHPSOR\LQJVWDQGDUGORFNLQWHFKQLTXHV
7KH VSHFWUDO UHVROXWLRQ RI WKH V\VWHP ZDV  QP 3/ GHFD\ WUDFHV RI WKH
OXPLQHVFHQFHZHUHUHFRUGHGDW WKHSHDNRI WKH(U OXPLQHVFHQFHDWPPDQG
DYHUDJHGXVLQJDGLJLWLVLQJRVFLOORVFRSH7KHRYHUDOOWLPHUHVSRQVHRIWKHV\VWHP
ZDV PHDVXUHG WR EH  PV 7UDQVSDUHQW OLTXLGV RI GLIIHUHQW UHIUDFWLYH LQGH[
ZDWHUQ DPL[WXUHRIHWK\OHQHJO\FRODQGZDWHUQ DPLFURVFRSH
LPPHUVLRQ RLO Q    DQG LVRHXJHQRO Q  ZHUH EURXJKW LQWR FRQWDFW
ZLWK WKH VDPSOH VXUIDFHZKLOH WKH OXPLQHVFHQFH VLJQDOZDV FROOHFWHG IURP WKH
XQSROLVKHG EDFNVLGH RI WKH 6L VXEVWUDWH 7KH SXPS ODVHU EHDPZDV GLUHFWHG
DORQJ WKH VXUIDFH QRUPDO 6LQFH VLOLFRQ LV WUDQVSDUHQW LQ WKHZDYHOHQJWK UHJLRQ
DERYHPPWKH(UOXPLQHVFHQFHDURXQGPPFDQEHFROOHFWHGWKURXJKWKH
ZDIHUZLWKRXWGLIILFXOWLHV
  &KDSWHU


 5HVXOWVDQGGLVFXVVLRQ
/RFDOGHQVLW\RIVWDWHVLQDSODQDU6L2ILOP

7R VWXG\ WKH ’26 LQ FROORLGDO SDUWLFOHV ILUVW WKH UDGLDWLYH GHFD\ UDWH RI (U LQ
SODQDU 6L2 ILOPV ZDV GHWHUPLQHG /XPLQHVFHQFH GHFD\ UDWHV RI (U DW
O PPZHUHPHDVXUHG IRU(ULPSODQWHG6L2 OD\HUVEURXJKW LQWRFRQWDFW
ZLWKDUDQJHRIWUDQVSDUHQWOLTXLGV)LJXUHVKRZVWKHPHDVXUHGGHFD\UDWHIRU
D OD\HU LPSODQWHG WR D SHDN FRQFHQWUDWLRQ RI  DW (U DV IXQFWLRQ RI WKH
UHIUDFWLYHLQGH[RIWKHOLTXLG7KHGHFD\UDWHZDVPHDVXUHGIRUWKHVDPSOHLQDLU
DQG LQ FRQWDFW ZLWK OLTXLGV ZLWK UHIUDFWLYH LQGLFHV Q RI   LQGH[
PDWFKLQJFDVHDQG$QLQFUHDVHLQGHFD\UDWHIURPV

WRV


LVREVHUYHGDV WKHUHIUDFWLYHLQGH[RI WKHOLTXLGLVLQFUHDVHG$VLPLODULQFUHDVH
RI WKH GHFD\ UDWH ZDV REVHUYHG IRU WKH VDPSOH ZLWK D SHDN FRQFHQWUDWLRQ RI
DWQRWVKRZQ
$VZH KDYH VKRZQEHIRUH

 WKH LQFUHDVH LQGHFD\ UDWHZLWK UHIUDFWLYH
LQGH[ FDQ EH XQGHUVWRRG E\ FRQVLGHULQJ WKH ORFDO ’26 IRU WKH 6L2 ILOP LQ
FRQWDFWZLWKWKHGLIIHUHQWOLTXLGV$FFRUGLQJWR)HUPL
V*ROGHQUXOHWKHUDGLDWLYH
GHFD\UDWHFDQEHZULWWHQLQWHUPVRIDORFDO’26UDV


)LJXUH  0HDVXUHG GHFD\ UDWH DW  PP RI (U LRQV LQ D  QP WKLFN 6L2 OD\HU
 DW (U DV IXQFWLRQ RI WKH UHIUDFWLYH LQGH[ RI D FRYHULQJ WUDQVSDUHQW OLTXLG 7KH (U
LRQV ZHUH H[FLWHG WKURXJK WKH OLTXLG XVLQJ WKH  QP OLQH RI DQ $U LRQ ODVHU 7KH LQVHW
VKRZV D VFKHPDWLF SLFWXUH RI WKH H[SHULPHQWDO VHWXS
      






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5HIUDFWLYH LQGH[
/RFDORSWLFDOGHQVLW\RIVWDWHVLQ6L2FROORLGDOVSKHUHV  



 
 U
U
U &!’
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&
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UDG
!
       

ZKHUH HU LV WKH SRVLWLRQGHSHQGHQW GLHOHFWULF FRQVWDQW Z LV WKH WUDQVLWLRQ
IUHTXHQF\DQG _’_

 LV WKHGLSROHPDWUL[HOHPHQWRI WKH WUDQVLWLRQ LQYROYHG7KLV
PDWUL[ HOHPHQW LV GHWHUPLQHG E\ WKH LQWHUDFWLRQ RI WKH (U LRQ ZLWK LWV
QHLJKERXULQJ DWRPVDQG LV WKHUHIRUHQRW LQIOXHQFHGE\ WKHRSWLFDOSURSHUWLHVRI
WKHLQWHUIDFH7KXVWKHPDFURVFRSLFUDQGHUDUHWKHRQO\SDUDPHWHUVLQ(T
WKDWDUHYDULHGLQRXUH[SHULPHQWV
7KH ORFDO ’26 U FDQ EH FDOFXODWHG DV D IXQFWLRQ RI SRVLWLRQ U YLD
TXDQWLVDWLRQRIWKHHOHFWURPDJQHWLFILHOG)RUDGLHOHFWULFVODEWKLVFDOFXODWLRQLV
GRQHXVLQJDFRPSOHWHVHWRISODQHZDYHVDQGWKHNQRZQ)UHVQHOFRHIILFLHQWVIRU
WKH OD\HU 6LQFH WKH SRODUL]DWLRQ RI WKH HPLWWHG UDGLDWLRQ LV UDQGRP DQ
LQWHJUDWLRQ RYHU DOO DQJOHV DQG ERWK SRODUL]DWLRQV LV GRQH )RU DQ DEVROXWH
GHWHUPLQDWLRQ RI WKH UDGLDWLYH UDWH WKH ORFDO ILHOG VKRXOG EH XVHG LQ WKH
FDOFXODWLRQ 7KLV ORFDO ILHOG VHHQ E\ WKH DWRP LV GXH WR WKH PLFURVFRSLF
HQYLURQPHQW RI WKH DWRP DQG GLIIHUV IURP WKH PDFURVFRSLF ILHOG :H KDYH
DVVXPHG WKDWZHGRQRW LQIOXHQFH WKLVPLFURVFRSLFHQYLURQPHQWZLWK WKH OLTXLG
ILOPV LQ RXU H[SHULPHQW VLQFH WKH (U LRQV DUH UHODWLYHO\ IDU DZD\ IURP WKH
LQWHUIDFH


)LJXUH VKRZVD FDOFXODWLRQRI WKH ORFDO’26I QRUPDOLVHG WR WKH
ORFDO ’26 LQ D EXON PDWHULDO ZLWK Q    IRU D  QP WKLFN 6L2 VODE
Q  RQ D 6L VXEVWUDWH Q    7KH FDOFXODWLRQ ZDV GRQH IRU D
ZDYHOHQJWK RI  PP FRUUHVSRQGLQJ WR WKH SHDN RI WKH (U

 HPLVVLRQ 7KH
IDFWRU HU LV LQFOXGHG LQ WKH GHILQLWLRQ RI I PDNLQJ WKH ’26 GLUHFWO\
SURSRUWLRQDO WR WKH UDGLDWLYH GHFD\ UDWH 7KH SRVLWLRQ ]    FRUUHVSRQGV WR WKH
SRVLWLRQRIWKH6L6L2LQWHUIDFH7KHGDVKHGOLQHVKRZVWKHFDOFXODWHG’26IRUD
VDPSOH LQ DLU Q  DQG WKH VROLG OLQH VKRZV WKH’26 IRU WKH VDPH ILOP LQ
FRQWDFWZLWKDPHGLXPZLWKWKHVDPHLQGH[RIUHIUDFWLRQDVWKHILOPQ 
7KH RVFLOODWLRQV LQ WKH ORFDO’26 RQ ERWK VLGHV RI WKH LQWHUIDFH DUH FDXVHG E\
LQWHUIHUHQFH EHWZHHQ LQFRPLQJ DQG UHIOHFWHG ZDYHV DQG KDYH D SHULRGLFLW\ RI
aOQ 6XFK RVFLOODWLRQV DUH LQYLVLEOH LQ WKH 6L2 ILOP EHFDXVH WKH ILOP
WKLFNQHVV LVPXFKVPDOOHU WKDQ WKHHPLVVLRQZDYHOHQJWK)RU WKHVDPSOH LQDLU
WKHORFDO’26LQWKHILOPLVJUHDWO\LQFUHDVHGUHODWLYHWRWKDWLQEXON6L2I 
GXH WR WKHSUHVHQFHRI WKH6L VXEVWUDWH$FOHDU LQFUHDVH LQ WKH ORFDO’26 LV
REVHUYHG RYHU WKH HQWLUH ILOP WKLFNQHVV LI WKH DLU LV UHSODFHG E\ D PHGLXP RI
KLJKHU UHIUDFWLYH LQGH[ $FFRUGLQJ WR (T  WKLV H[SODLQV WKH LQFUHDVH LQ WKH
GHFD\UDWHZLWKUHIUDFWLYHLQGH[DVREVHUYHGLQ)LJ
7KH FKDQJH LQ GHFD\ UDWH ZLWK UHIUDFWLYH LQGH[ FDQ EH FDOFXODWHG
TXDQWLWDWLYHO\E\ FRQVLGHULQJ WKH FDOFXODWHG’26 WKHPHDVXUHG(USURILOH DQG
WKH GLVWULEXWLRQ RI WKH  QP SXPS OLJKW RYHU WKH ILOP :H IRXQG WKDW WKH
REVHUYHGLQFUHDVHLQGHFD\UDWHZLWKLQGH[LVPXFKVPDOOHUWKDQWKDWIRXQGLQWKH
  &KDSWHU


FDOFXODWLRQ WKDW DVVXPHV WKH IXOO GHFD\ WR EH GXH WR UDGLDWLYH SURFHVVHV
7KHUHIRUHQRQUDGLDWLYHSURFHVVHV WKDWDUH LQGHSHQGHQWRI WKHRSWLFDOSURSHUWLHV
RI WKH LQWHUIDFHPXVWEHLQFOXGHG7KHWRWDOGHFD\UDWH LVDVXPRI WKHUDGLDWLYH
DQGQRQUDGLDWLYHGHFD\UDWHV


UDGQRQUDG
:::

        

8VLQJ (T  WKH WRWDO GHFD\ UDWH FDQ EH UHZULWWHQ LQ WHUPV RI WKH ORFDO’26
I

   
UDGQRQ

UDG
::]QI]Q:

      

ZKHUH:UDG

 LVWKHUDGLDWLYHGHFD\UDWHRI(ULRQVLQEXON6L27KHVROLGOLQH
LQ )LJ  LV D ILW RI (T  WR WKH PHDVXUHG GDWD UHVXOWLQJ LQ
:UDG

 rV

DQG:QRQUDG rV

7KHFRQWULEXWLRQGXHWR WKHQRQ
UDGLDWLYHSURFHVV LV LQGLFDWHGE\ WKHGDVKHG OLQH1RWH WKDW WKH UDGLDWLYH UDWHRI
 V

 LQGLFDWHG LQ WKH ILJXUH LV KLJKHU WKDQ WKH UDGLDWLYH UDWH RI  V

LQ EXON
6L2 $VPHQWLRQHG EHIRUH WKLV LV GXH WR WKH (U LRQV EHLQJ FORVH WR WKH KLJK
UHIUDFWLYHLQGH[6LVXEVWUDWH
7KH UDGLDWLYH GHFD\ UDWH RI  V

 IRU (U

 LRQV LQ EXON 6L2 LV LQ
DJUHHPHQW ZLWK PHDVXUHG OLIHWLPHV :    V

 IRU  PP WKLFN 6L2 OD\HUV
JURZQE\ZHWWKHUPDOR[LGDWLRQRI6LLPSODQWHGZLWK0H9(ULRQV

,QWKDW
)LJXUH  3RODUL]DWLRQ DQG DQJOHDYHUDJHG RSWLFDO ORFDO '26 IRU D  QP WKLFN 6L2
OD\HU Q   7KH OD\HU LV VDQGZLFKHG EHWZHHQ D 6L VXEVWUDWH Q   DQG DQ DPELHQW
ZLWK Q   GDVKHG OLQH RU Q   VROLG OLQH $OO FDOFXODWLRQV ZHUH GRQH IRU D
ZDYHOHQJWK RI  PP
    




Q 
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'LVWDQFH QP
/RFDORSWLFDOGHQVLW\RIVWDWHVLQ6L2FROORLGDOVSKHUHV  


FDVHWKHGLVWDQFHEHWZHHQWKHLQWHUIDFHVDQGWKH(ULRQVLVVRODUJHWKDWZLWKLQD
IHZSHUFHQWWKHORFDO’26LVHTXDOWRWKDWRIEXON6L2


/RFDOGHQVLW\RIVWDWHVLQVLOLFDFROORLGV

1RZWKDWWKHUDGLDWLYHGHFD\UDWHRI(ULQEXON6L2LVGHWHUPLQHGWKHUDGLDWLYH
GHFD\UDWHIRU(ULPSODQWHG6L2VSKHUHVFDQEHHVWLPDWHG)LUVWDFDOFXODWLRQRI
WKHORFDO’26LVGRQHIRUDFROORLGVSKHUHDWDYDFXXPZDYHOHQJWKRIPP
DVDIXQFWLRQRIUDGLDOGLVWDQFH7KHUHVXOWLVVKRZQLQ)LJIRUVSKHUHVZLWK
GLDPHWHUVRIQPDQGQP7KHORFDO’26ZDVREWDLQHGXVLQJWKHNQRZQ
*UHHQ
V IXQFWLRQV IRU D GLHOHFWULF VSKHUH DQG ZDV QRUPDOLVHG WR WKH ’26 LQ D
EXONPHGLXPZLWKQ $VFDQEHVHHQWKHYDOXHRIWKHORFDO’26LQVLGHWKH
FROORLGGLIIHUVVWURQJO\EHWZHHQVSKHUHVRIGLIIHUHQWVL]H’HSHQGLQJRQWKHVL]H
WKH’26LVVPDOOHURUODUJHUWKDQWKH’26IRUEXON6L2$OVRIRUDJLYHQVL]H
YHU\ OLWWOH YDULDWLRQ LQ WKH ORFDO’26 LV REVHUYHG LQVLGH D VSKHUH 7KLV FDQ EH
H[SODLQHG E\ WKH IDFW WKDW IRU ERWK FROORLG VL]HV WKH HPLVVLRQ ZDYHOHQJWK RI
PPLV ODUJHU WKDQ WKHZDYHOHQJWKRI WKH ILUVW0LHUHVRQDQFHSU OQ
$VVXPLQJ WKDW WKH(ULRQVDUHGLVWULEXWHGKRPRJHQHRXVO\RYHU WKH6L2VSKHUH
WKHHIIHFWRIWKHVSKHUHRQWKHUDGLDWLYHUDWHFDQEHFDOFXODWHGE\LQWHJUDWLQJWKH
ORFDO ’26 RI )LJ  RYHU WKH VSKHUH )RU D  QP GLDPHWHU VSKHUH WKH
)LJXUH  3RODUL]DWLRQ DQG DQJOHDYHUDJHG ORFDO '26 DV IXQFWLRQ RI UDGLDO SRVLWLRQ IRU
D 6L2 VSKHUH Q   LQ DLU FDOFXODWHG DW D YDFXXP ZDYHOHQJWK RI  PP 'DWD DUH
VKRZQ IRU VSKHUHV ZLWK D GLDPHWHU RI  QP VROLG OLQH DQG  QP GDVKHG OLQH $OVR
VKRZQ LV D FDOFXODWLRQ IRU  QP GLDPHWHU VSKHUHV VXUURXQGHG E\ 300$ Q   GDVK
GRWWHG OLQH
    






/
R
F
D
O
G
H
Q
V
LW
\
R
I
V
WD
WH
V
I 


5DGLDO SRVLWLRQ QP
  &KDSWHU


FDOFXODWLRQ\LHOGVI ZKLOHIRUDQPGLDPHWHUVSKHUHDYDOXHRI
LVIRXQG
)LJXUH  VKRZV WKH OXPLQHVFHQFH GHFD\ UDWH IRU D YDULHW\ RI VDPSOHV
LPSODQWHGWRGLIIHUHQW(UFRQFHQWUDWLRQV’DWDDUHVKRZQIRUDVDPSOHFRQVLVWLQJ
RIOD\HUVRIQPVSKHUHVDPRQROD\HURIQPVSKHUHVDOD\HU
RIQPVSKHUHVHPEHGGHG LQDaPPWKLFN300$OD\HU DQGDQP
WKLFN6L2ILOP7KHGDVKHGOLQHVDUHDILWWRDOOIRXUGDWDVHWVDVVXPLQJWKH
VDPH OLQHDU LQFUHDVH RI WKH GHFD\ZLWK FRQFHQWUDWLRQ EXW D GLIIHUHQW RIIVHW IRU
HDFK W\SH RI VDPSOH 7KH LQFUHDVH RI WKH GHFD\ UDWH ZLWK FRQFHQWUDWLRQ LV
JHQHUDOO\ NQRZQ DV FRQFHQWUDWLRQ TXHQFKLQJ

 DQG LV GXH WR DQ LQFUHDVHG
FRXSOLQJ WR TXHQFKLQJ VLWHV DV D UHVXOW RI H[FLWDWLRQ PLJUDWLRQ DW KLJK (U
FRQFHQWUDWLRQ
,WVKRXOGEHQRWHGWKDWWKHGHFD\UDWHVRIWKHQP6L2OD\HUGDWDVHW
 LQ )LJ  DUH ORZHU WKDQ WKH YDOXHV IRXQG LQ )LJ  DOWKRXJK WKH VDPH
VDPSOHVZHUHXVHG7KHH[SHULPHQWVZLWKWKHOLTXLGVLQ)LJZHUHSHUIRUPHG
DW OHDVW DPRQWK DIWHU WKHPHDVXUHPHQWV SUHVHQWHG LQ )LJ  7KH LQFUHDVH LQ
GHFD\UDWHRYHUWLPHLVDWWULEXWHGWRWKHGLIIXVLRQRIZDWHULQWRWKH6L2QHWZRUN
,WLVZHOONQRZQWKDW2+JURXSVTXHQFKWKH(UWUDQVLWLRQDVWKHVHFRQGRYHUWRQH
RIWKH2+VWUHWFKYLEUDWLRQLVUHVRQDQWZLWKWKH(UWUDQVLWLRQ,QGHHGWKHGHFD\
UDWHFRXOGEHDOPRVWFRPSOHWHO\UHFRYHUHGWRWKHYDOXHVLQ)LJE\GU\LQJWKH
VDPSOHVDW
R
&IRUKLQDYDFXXPIXUQDFH
)LJXUH  0HDVXUHG GHFD\ UDWHV IRU (U LPSODQWHG VDPSOHV DV IXQFWLRQ RI (U
FRQFHQWUDWLRQ 'DWD VHW  LV WDNHQ RQ D  OD\HUV RI  QP VSKHUHV RQ D 6L VXEVWUDWH VHW
 RQ D PRQROD\HU RI  QP VSKHUHV RQ D 6L VXEVWUDWH VHW  RQ D PRQROD\HU RI  QP
VSKHUHV FRDWHG ZLWK a PP 300$ DQG VHW  RQ D  QP WKLFN ILOP RQ 6L 7KH GDVKHG
OLQHV DUH D ILW WR DOO GDWD SRLQWV ZLWK D FRQVWDQW VORSH EXW GLIIHUHQW RIIVHWV
     









'
H
F
D
\
UD
WH
V


(U FRQFHQWUDWLRQ DW
/RFDORSWLFDOGHQVLW\RIVWDWHVLQ6L2FROORLGDOVSKHUHV  


7KHRIIVHWV LQ)LJUHSUHVHQW WKHSXUH(UGHFD\UDWHLQWKHDEVHQFHRI
FRQFHQWUDWLRQ TXHQFKLQJ DQG DUH OLVWHG LQ 7DEOH  XQGHU : WRW 8VLQJ WKH
FDOFXODWHG ORFDO ’26 IRU VSKHUHV RI  DQG  QP GLDPHWHU DV JLYHQ LQ
)LJWKHUDGLDWLYHGHFD\UDWHLVH[SHFWHGWREHV

IRUWKHQPVSKHUHV
DQGV

IRUWKHQPGLDPHWHUVSKHUHVJLYHQWKHGHWHUPLQHGEXONUDGLDWLYH
GHFD\UDWHRIV

7KHGLIIHUHQFHEHWZHHQWKHVHUDWHVDQGWKHPHDVXUHGRIIVHWV
JLYHV DOPRVW LGHQWLFDO QRQUDGLDWLYH GHFD\ UDWHV LQ DEVHQFH RI FRQFHQWUWLRQ
TXHQFKLQJ IRU WKH  QP DQG  QP GLDPHWHU VSKHUHV RI  V

 DQG  V


UHVSHFWLYHO\VHHDOVR7DEOH7KLVLVWREHH[SHFWHGDVWKHVSKHUHVFRQVLVWRI
WKHVDPHPDWHULDODQGVKRZV WKDW WKHGDWDFDQEHFRQVLVWHQWO\GHVFULEHGE\WKH
’26PRGHO
$ FDOFXODWLRQ RI WKH ORFDO ’26 IRU  QP 6L2 VSKHUHV HPEHGGHG LQ
300$Q LVDOVRVKRZQLQ)LJ$VFDQEHVHHQWKHORFDO’26LQVLGH
DQG RXWVLGH WKH VSKHUH LV DOPRVW LGHQWLFDO VKRZLQJ WKDW WKH HPEHGGHG VSKHUHV
FDQEHWUHDWHGDVDXQLIRUPOD\HU7DNLQJWKHORFDO’26IRUD6L2OD\HURQ6LLQ
DPHGLXPZLWKUHIUDFWLYHLQGH[Q VHH)LJDQGWKHDYHUDJHGLVWDQFH
RI WKH(U IURP WKH6L6L2 LQWHUIDFH QP WKH UDGLDWLYH UDWH LQ WKLV VDPSOH
FDQ EH FDOFXODWHG DQG LV JLYHQ LQ 7DEOH   V

 7KH GLIIHUHQFH LQ WKH
PHDVXUHG RIIVHW  V

 DQG FDOFXODWHG UDGLDWLYH OLIHWLPH UHVXOWV LQ D QRQ
UDGLDWLYHOLIHWLPHRIV

IRUWKH300$HPEHGGHGVSKHUHV7KLVLVKLJKHUWKDQ
WKHQRQUDGLDWLYHGHFD\UDWHFDOFXODWHGIRUWKHVSKHUHVLQDLU7RWHVWLITXHQFKLQJ
FHQWHUV LQ WKH VXUURXQGLQJ PHGLXP VXFK DV &+ LQ 300$ FRXOG DIIHFW WKH
GHFD\ UDWH RI (U LQVLGH WKH FROORLGV ZH PHDVXUHG WKH GHFD\ UDWH IRU VSKHUHV
LPPHUVHG LQ K\GURJHQDWHG GLPHWK\OVXOIR[LGH ’062 DQG GHXWHUDWHG ’062
EXWGLGQRWREVHUYHDGLIIHUHQFHLQGHFD\UDWH$VWKHVHOLTXLGVFRQWDLQGLIIHUHQW
FRQFHQWUDWLRQV RI &+ TXHQFKHUV WKLV GLVDSSURYHV WKH VXJJHVWLRQ WKDW 300$
ZRXOGTXHQFKWKH(UWUDQVLWLRQLQVLGHWKHFROORLGV$OWHUQDWLYHO\LWPLJKWEHWKDW
WKH VSLQFRDWHG 300$ OD\HU GRHV QRW FRPSOHWHO\ ILOO WKH DLUJDSV EHWZHHQ WKH
VSKHUHV UHVXOWLQJ LQ D QRQKRPRJHQHRXV OD\HU IRU ZKLFK WKH DERYH ’26
VHW VDPSOH I V

 :WRW V

 :UDG V

 :QRQUDG V

 4( 
  QP VSKHUHV     
  QP VSKHUHV     
  QP  300$     
  QP OD\HU     
7DEOH  0HDVXUHG :WRW DQG FDOFXODWHG UDGLDWLYH GHFD\ UDWHV IRU (UGRSHG FROORLGV
DQG 6L2 ILOPV 5HVXOWV DUH JLYHQ IRU WKH VDPH VDPSOHV DV LQ )LJ  7KH DYHUDJH ORFDO
'26 LQ HDFK PDWHULDO I LV OLVWHG &DOFXODWHG YDOXHV DUH REWDLQHG XVLQJ D UDGLDWLYH UDWH LQ
EXON 6L2 RI :UDG   V
 7KH TXDQWXP HIILFLHQF\ 4( LV DOVR LQGLFDWHG
  &KDSWHU


FDOFXODWLRQGRHVQRWKROG1RWHWKDWLQWKHFDOFXODWLRQVRIWKHORFDO’26ZHKDYH
QHJOHFWHG WKH HIIHFW RI WKH LQKRPRJHQHRXV(UGLVWULEXWLRQ RYHU WKH VSKHUH DQG
FKDQJHVLQWKHORFDOILHOGRIDVPDOOIUDFWLRQRIWKH(ULRQVWKDWLVORFDWHGFORVHWR
WKHLQWHUIDFH
)LQDOO\7DEOHVKRZV WKHFDOFXODWHGYDOXHRI:UDG V

 IRU WKH(U
LPSODQWHG6L2ILOPGHULYHGIURP)LJDQGWKH’26FDOFXODWLRQLQ)LJ
7KHQRQUDGLDWLYHGHFD\UDWHV

WKDWFDQQRZEHGHWHUPLQHGIRUWKLVVDPSOH
LVPXFKKLJKHUWKDQWKDWLQWKHDQGQPGLDPHWHUVSKHUHV7KLVPLJKWEH
WKH UHVXOW RI D GLIIHUHQFH LQ DQQHDOLQJ EHKDYLRXU EHWZHHQ WKH VSKHUHV DQG WKH
OD\HU ZKLFK ZRXOG UHVXOW LQ D KLJKHU FRQFHQWUDWLRQ RI TXHQFKLQJ FHQWHUV HJ
ZDWHULQWKHOD\HUFRPSDUHGWRWKHVSKHUHV
 &RQFOXVLRQV
7KHGHFD\UDWHDWPPRI(ULRQVLPSODQWHGLQWRDQPWKLFN6L2ILOPRQ
6LPDGHXVLQJDZHWFKHPLFDOSURFHVVZDVPHDVXUHGZLWKDQGZLWKRXW OLTXLGV
ZLWKGLIIHUHQWUHIUDFWLYHLQGH[LQFRQWDFWZLWKWKHILOP)RUUHIUDFWLYHLQGLFHVLQ
WKH UDQJH RI  DQ LQFUHDVH LQ GHFD\ UDWH IURP  WR  V

 ZDV
REVHUYHG 7KH LQFUHDVH LQ GHFD\ UDWH ZLWK UHIUDFWLYH LQGH[ LV H[SODLQHG E\ D
FKDQJH LQ WKH ORFDO RSWLFDO GHQVLW\ RI VWDWHV DW WKH SRVLWLRQ RI WKH (U %\
FRPSDULQJ D FDOFXODWLRQ RI WKH ORFDO ’26 ZLWK WKH PHDVXUHG GHFD\ UDWHV WKH
UDGLDWLYH  V

 DQG QRQUDGLDWLYH  V

 FRPSRQHQWV ZHUH GLVWLQJXLVKHG
8VLQJ D FDOFXODWLRQRI WKH’26 IRU D VSKHUH LQ DLU DQG WKH UDGLDWLYHGHFD\ UDWH
GHWHUPLQHGIRUD6L2ILOPWKHGHFD\UDWHVRI(ULPSODQWHG6L2VSKHUHVZLWKD
GLDPHWHURIQPDQGQPZHUHFDOFXODWHGUHVXOWLQJLQDUDGLDWLYHGHFD\
UDWHRI V

 IRU WKHQPVSKHUHV DQGV

 IRU WKHQPVSKHUHV DQGD
QRQUDGLDWLYH GHFD\ UDWH LQ DEVHQFH RI FRQFHQWUDWLRQ TXHQFKLQJ RI a V


(PEHGGLQJ WKH  QP GLDPHWHU VSKHUHV LQ D a PP WKLFN 300$ OD\HU
LQFUHDVHG WKH GHFD\ UDWH WR  V

 *RRG DJUHHPHQW ZDV IRXQG EHWZHHQ WKH
FDOFXODWHG’26DQG WKHH[SHULPHQWDOO\SUREHG’26LQ WKHFROORLGV7KLVSDSHU
VKRZVWKDWE\FDUHIXOFRQVLGHUDWLRQRIFKDQJHVLQWKHORFDO’26LQDYDULHW\RI
VDPSOH JHRPHWULHV WKLQ ILOPV FROORLGV LW EHFRPHV SRVVLEOH WR DFKLHYH DQ
DFFXUDWH TXDQWLWDWLYH GHWHUPLQDWLRQ RI UDGLDWLYH DQG QRQUDGLDWLYH GHFD\
SURFHVVHVIRU(ULQJODVV
5HIHUHQFHV

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$ 0 9UHGHQEHUJ 1 ( - +XQW ( ) 6FKXEHUW ' & -DFREVRQ - 0 3RDWH DQG
* - =\G]LN 3K\V 5HY /HWW   

3 *R\ - 0 5DLPRQG 0 *URVV DQG 6 +DURFKH 3K\V 5HY /HWW   

5 * +XOHW ( 6 +LOIHU DQG ' .OHSSQHU 3K\V 5HY /HWW   
/RFDORSWLFDOGHQVLW\RIVWDWHVLQ6L2FROORLGDOVSKHUHV  



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- 0DUWRUHOO DQG 1 0 /DZDQG\ 3K\V 5HY /HWW   

( 3 3HWURY 9 1 %RJRPRORY , , .DORVKD DQG 6 9 *DSRQHQNR 3K\V 5HY /HWW  


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

* / - $ 5LNNHQ 3K\V 5HY $   

5 0 $PRV DQG : / %DUQHV 3K\V 5HY %  

. + 'UH[KDJH - /XPLQ   

( 6QRHNV $ /DJHQGLMN DQG $ 3ROPDQ 3K\V 5HY /HWW   

7 0 +HQVHQ 0 - $ GH 'RRG DQG $ 3ROPDQ - $SSO 3K\V   1RY   LQ SUHVV

5 6SULN DQG % $ YDQ 7LJJHOHQ DQG $ /DJHQGLMN (XURSK\V /HWW   

$ 7LS 3K\V 5HY $   

$ 7LS 3K\V 5HY $   

5 - *ODXEHU DQG 0 /HZHQVWHLQ 3K\V 5HY $   

+ .KRVUDYL DQG 5 /RXGRQ 3URF 5 6RF /RQG $   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
$ 0RUR] (XURSK\V /HWW  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
6 0 %DUQHWW % +XWWQHU DQG 5 /RXGRQ 3K\V 5HY /HWW   

6 0 %DUQHWW % +XWWQHU 5 /RXGRQ DQG 5 0DWORRE - 3K\V %   

* -X]HOLXQDV 3K\V 5HY $  5 

' / - 9RVVHQ 0 - $ GH 'RRG 7 YDQ 'LOOHQ 7 =LMOVWUD ( YDQ GHU 'ULIW $ 3ROPDQ
DQG $ YDQ %ODDGHUHQ $GY 0DW  2FWREHU   LQ SUHVV

7KLV DVVXPSWLRQ FDQ EH MXVWLILHG E\ FRQVLGHULQJ WKH PHDVXUHG FKDQJHV LQ WKH UDGLDWLYH GHFD\
UDWH RI (U LRQV LQ VRGDOLPH VLOLFDWH JODVV LQFRUSRUDWHG DW WZR GLIIHUHQW GHSWKV FRPSDUDEOH
WR WKH GHSWK VFDOHV LQ RXU H[SHULPHQWV ,Q WKHVH H[SHULPHQWV FKDQJHV LQ OLIHWLPHV ZHUH IXOO\
GHVFULEHG E\ FKDQJHV LQ WKH '26 LQGLFDWLQJ WKDW WKHUH ZDV QR YDULDWLRQ LQ ORFDO ILHOG ZLWK
GHSWK 6HH 5HI 

$ 3ROPDQ ' & -DFREVRQ ' - (DJOHVKDP 5 & .LVWOHU DQG - 0 3RDWH - $SSO 3K\V
  

+ & &KRZ DQG 5 & 3RZHOO 3K\V 5HY %   

,QIUDUHGHOHFWUROXPLQHVFHQFH
IURPOLVVDPLQHVHQVLWLVHG1G
GRSHGSRO\PHU/(’V
:H UHSRUW  QP HOHFWUROXPLQHVFHQFH IURP D QHRG\PLXPGRSHG
SRO\PHUOLJKWHPLWWLQJGLRGH7KHDFWLYHOD\HUZDVDEOHQGRIIOXRUHQH
EHQ]RWKLDGLD]ROH )%7 DQG D OLVVDPLQHIXQFWLRQDOLVHG WHUSKHQ\O
EDVHG QHRG\PLXP FRPSOH[ ,W ZDV HPEHGGHG EHWZHHQ D &D$O
HOHFWURGH DQG D KROH LQMHFWLRQ OD\HU FRPSRVHG RI SRO\HWK\OHQH
GLR[\WKLRSKHQH GRSHG ZLWK SRO\VW\UHQH VXOIRQDWH WKDW ZDV
GHSRVLWHG RQWR DQ LQGLXP WLQ R[LGH WUDQVSDUHQW DQRGH
(OHFWUROXPLQHVFHQFHIURPOLVVDPLQHDWQPZDVREVHUYHGDVZHOO
,W LV VKRZQ WKDW WKH OLVVDPLQH SOD\V D FUXFLDO UROH LQPHGLDWLQJ WKH
HQHUJ\ WUDQVIHU IURP WKH )%7 KRVW WR WKH QHRG\PLXP LRQ 7KH
QHRG\PLXPOLVVDPLQH OXPLQHVFHQFH LQWHQVLW\ UDWLR LV KLJKHU XQGHU
HOHFWULFDOH[FLWDWLRQWKDQXQGHURSWLFDOH[FLWDWLRQZKLFKVKRZVWKDWD
KLJKHU UHODWLYH SRSXODWLRQ RI WULSOHW VWDWHV RQ WKH OLVVDPLQH LV
JHQHUDWHGXQGHUHOHFWULFDOH[FLWDWLRQ$KLJKWXUQRQYROWDJHRIa9
ZDV PHDVXUHG LQGLFDWLQJ WKDW WKH OLVVDPLQHIXQFWLRQDOLVHG 1G


FRPSOH[DFWVDVDFDUULHUWUDS
  &KDSWHU


 1HRG\PLXPGRSHGSRO\PHU/(’V
3RO\PHU OLJKWHPLWWLQJ GLRGHV /(’V DUH WKH IRFXV RI PXFK FRPPHUFLDO DQG
DFDGHPLF LQWHUHVW RZLQJ WR WKH SRWHQWLDO IRU LQH[SHQVLYH IDEULFDWLRQ RI IXOO
FRORXUGLVSOD\VRYHUODUJHDUHDVDQGEHFDXVHDQXPEHURIXQUHVROYHGLVVXHVH[LVW
UHJDUGLQJ WKH EDVLF SURSHUWLHV RI QHXWUDO DQG FKDUJHG H[FLWDWLRQV LQ WKHVH
DPRUSKRXV FDUERQEDVHG PROHFXODU VHPLFRQGXFWRUV

 $OWKRXJK PRVW
LQYHVWLJDWLRQVKDYHIRFXVHGRQHOHFWUROXPLQHVFHQWGHYLFHVHPLWWLQJLQWKHYLVLEOH
VSHFWUXPWKHUHLVFRQVLGHUDEOHSRWHQWLDOWREHH[SORLWHGIRUHPLVVLRQLQWKHQHDU
LQIUDUHG DQG LQIUDUHG VSHFWUDO UDQJHV LQ SDUWLFXODU LQ FRQQHFWLRQ ZLWK RSWLFDO
WHOHFRPPXQLFDWLRQDSSOLFDWLRQV
)RUH[DPSOHSODQDURSWLFDODPSOLILHUVRSHUDWLQJDWZDYHOHQJWKVRIRU
PPDUHHVVHQWLDOLQJUHGLHQWVLQSKRWRQLFLQWHJUDWHGFLUFXLWVLQZKLFKWKH\FDQ
FRPSHQVDWH IRU VSOLWWLQJ DQG ZDYHJXLGH ORVVHV 7ULYDOHQW UDUHHDUWK LRQV OLNH
QHRG\PLXP1G

RUHUELXP(U

DUHXVHGDVWKHDFWLYHHOHPHQWLQWKHVHSODQDU
DPSOLILHUV GXH WR WKHLU LQWUDI WUDQVLWLRQ DW  QP 1G



)o

, RU
QP(U



,o

,7KHVHDPSOLILHUVDUHW\SLFDOO\PDGHXVLQJLQRUJDQLF
KRVWV

DQGDUHSXPSHGXVLQJDQH[WHUQDOODVHUVRXUFH5HFHQWO\ZHVHH&KDSWHU
 DQG RWKHUV KDYH UHSRUWHG WKH V\QWKHVLV RI UDUHHDUWK GRSHG SRO\PHU
ZDYHJXLGHV

 %\ FRPELQLQJ WKLV ZRUN ZLWK WKH NQRZOHGJH RQ HOHFWULFDO
H[FLWDWLRQ SURFHVVHV LQ SRO\PHU /(’V LW PD\ EHFRPH SRVVLEOH WR IDEULFDWH
HOHFWULFDOO\SXPSHGRSWLFDODPSOLILHUVEDVHGRQUDUHHDUWKGRSHGSRO\PHUV
$VDILUVWVWHSWRZDUGVWKLVJRDOZHUHSRUWHOHFWUROXPLQHVFHQFHDWQP
IURPDOLVVDPLQHIXQFWLRQDOLVHGWHUSKHQ\OEDVHGQHRG\PLXPFRPSOH[/V1G


GRSHG LQWRSRO\GLRFW\OIOXRUHQHDOWEHQ]RWKLDGLD]ROH)%7$OWKRXJK LQIUDUHG
OXPLQHVFHQFH IURP RUJDQLF /(’V ZLWK VPDOO PROHFXODU ZHLJKW HPLWWHUV KDV
DOUHDG\ EHHQ UHSRUWHG

 ZH DUH SDUWLFXODUO\ LQWHUHVWHG LQ WKH GHYHORSPHQW RI
FRQMXJDWHG SRO\PHUEDVHG DFWLYH OD\HUV DV WKHVH WHQG WR VXIIHU OHVV IURP
UHFU\VWDOOLVDWLRQ SUREOHPV DQG DUH WKHUHIRUH PRUH SURPLVLQJ FDQGLGDWHV IRU
DFKLHYLQJDEHWWHUGLRGHGXUDELOLW\7KHRUJDQLF1G

FRPSOH[XVHGLQWKLVZRUN
ZDVGHVLJQHGWRVKLHOGWKH1G

LRQIURPLWVHQYLURQPHQWVHH&KDSWHU,WDOVR
RIIHUVWKHSRVVLELOLW\WRFRYDOHQWO\ELQGDKLJKO\DEVRUELQJDQWHQQDJURXSVXFKDV
OLVVDPLQHWRWKHFRPSOH[VXFKWKDWLWLVSRVLWLRQHGFORVHWRWKH1G

LRQ,WZDV
VKRZQ LQ &KDSWHU  WKDW DIWHU RSWLFDO H[FLWDWLRQ RI WKH OLVVDPLQH VHQVLWLVHU
HQHUJ\LVWUDQVIHUUHGYHU\HIILFLHQWO\IURPWKHWULSOHWVWDWHRIWKHVHQVLWLVHUWRWKH
1G

LRQE\D’H[WHUPHFKDQLVPUHVXOWLQJLQW\SLFDO1G

OXPLQHVFHQFHDW
 DQGQP

$OWKRXJKZHKDYHFKRVHQ OLVVDPLQHDV WKH VHQVLWLVHU DQ\
DEVRUELQJJURXSFDQEHXVHGDVORQJDVWKHWULSOHWVWDWHHQHUJ\RIWKHVHQVLWLVHULV
UHVRQDQWZLWKRQHRIWKH1G

HQHUJ\OHYHOV
,Q WKH FDVH RI HOHFWULFDO H[FLWDWLRQ HOHFWURQV DQGKROHV DUH ILUVW LQMHFWHG
LQWRWKHFRQMXJDWHGSRO\PHUKRVWZKLFKLQRXUFDVHLV)%7’XHWRWKHRYHUODS
,QIUDUHGHOHFWUROXPLQHVFHQFHIURPOLVVDPLQHVHQVLWLVHG«  


EHWZHHQ WKH HPLVVLRQ VSHFWUXP RI WKH SRO\PHU DQG WKH DEVRUSWLRQ VSHFWUXPRI
WKHVHQVLWLVHU)|UVWHUHQHUJ\WUDQVIHUIURPWKHSRO\PHUWRWKHVHQVLWLVHUFDQWDNH
SODFH DQG LQ WKLV ZD\ WKH 1G

 LRQ FDQ EH H[FLWHG 2XU UHVXOWV VKRZ WKDW WKH
OXPLQHVFHQFH IURP WKH SRO\PHU KRVW LV HIILFLHQWO\ TXHQFKHG E\ WKH /V1G
FRPSOH[DQGWKDWHPLVVLRQWDNHVSODFHERWKIURPWKHVHQVLWLVHUDQGWKH1G

LRQ
&RPSDULVRQ RI 1G

 SKRWROXPLQHVFHQFH 3/ DQG HOHFWUROXPLQHVFHQFH (/
LQWHQVLWLHV LQGLFDWHV WKDWXSRQHOHFWULFDOH[FLWDWLRQDKLJKHU WULSOHWSRSXODWLRQLV
UHDFKHGLQ WKHOLVVDPLQHFRPSDUHGWR WKHFDVHRIRSWLFDOH[FLWDWLRQSUHVXPDEO\
GXHWRGLUHFWWULSOHWWUDQVIHUIURP)%7WRWKHOLVVDPLQH
 ’HYLFHIDEULFDWLRQ
/LVVDPLQHIXQFWLRQDOLVHG RUJDQLF QHRG\PLXP FRPSOH[HV /V1G ZHUH
V\QWKHVLVHG XVLQJ WKH SURFHGXUH GHVFULEHG LQ 5HI  /V1G GRSHG /(’V ZHUH
IDEULFDWHG LQ WKH IROORZLQJ ZD\ )LUVW DQ LQGLXP WLQ R[LGH ,72 FRDWHG JODVV
VXEVWUDWHZDVWUHDWHGZLWKDQR[\JHQSODVPD7KHQDaQPWKLFNKROHLQMHFWLRQ
OD\HU RI SRO\HWK\OHQH GLR[\WKLRSKHQH 3(’27 GRSHG ZLWK SRO\VW\UHQH
VXOIRQDWH366ZDVVSLQFRDWHG$IWHUVSLQFRDWLQJWKHILOPZDVKHDWHGIRURQH
KRXU DW 
R
& XQGHU 1 IORZ %RWK WKH R[\JHQ SODVPD WUHDWPHQW DQG WKH
3(’27366 OD\HU VHUYH WR LQFUHDVH WKH ZRUN IXQFWLRQ RI WKH DQRGH

 DQG
WKHUHIRUHUHGXFHWKHHQHUJ\EDUULHUIRULQMHFWLRQRIKROHVLQWRWKHHPLVVLYHOD\HU
7KHHPLVVLYHOD\HUZDVSUHSDUHGXVLQJDVROXWLRQRIPJ/V1GDQGPJ
IOXRUHQH EHQ]RWKLDGLD]ROH )%7 GLVVROYHG LQ  PO RI FKORURIRUP FKHPLFDO
VWUXFWXUHV RI WKH PDWHULDOV DUH VKRZQ LQ )LJ  7KLV VROXWLRQ RI  ZW
/V1G)%7EOHQGZDVVSLQFRDWHGRQWRWKH3(’27366OD\HUDWDVSLQUDWHRI
 USP UHVXOWLQJ LQ D a QP WKLFN ILOP )LQDOO\ &D$O FRXQWHU HOHFWURGHV
DUHD a PP

 ZHUH WKHUPDOO\ HYDSRUDWHG DW D EDFNJURXQG SUHVVXUH RI
au

PEDU
 ([SHULPHQW
’HYLFHVZHUH WUDQVSRUWHGXQGHUQLWURJHQDQGFKDUDFWHULVDWLRQZDVSHUIRUPHGDW
a

PEDULQRUGHUWRSUHYHQWR[LGDWLRQRIWKH&DFDWKRGHV7KHGHYLFHFXUUHQW
DQG OLJKW RXWSXW DV D IXQFWLRQ RI DSSOLHG YROWDJH ZHUH PHDVXUHG DW URRP
WHPSHUDWXUH7KHYROWDJHZDVVXSSOLHGE\D.HLWKOH\YROWDJHVRXUFHDQGWKH
FXUUHQWZDVPHDVXUHGE\D.HLWKOH\$GLJLWDOPXOWLPHWHU$FDOLEUDWHGVLOLFRQ
SKRWRGLRGH ZDV XVHG WR PHDVXUH WKH OXPLQDQFH /XPLQHVFHQFH VSHFWUD ZHUH
GHWHFWHGXVLQJD&&’VSHFWURJUDSKZLWKDVSHFWUDOUHVROXWLRQEHWWHUWKDQQP
3KRWROXPLQHVFHQFH UHIHUHQFH PHDVXUHPHQWV ZHUH SHUIRUPHG RQ /V1G
GRSHG SRO\FDUERQDWH ZDYHJXLGHV DV GHVFULEHG LQ &KDSWHU  XVLQJ WKH QP
OLQH RI DQ $U LRQ ODVHU DW D SRZHU GHQVLW\ RI :FP

 IRU H[FLWDWLRQ 2SWLFDO
  &KDSWHU


DEVRUSWLRQ PHDVXUHPHQWV ZHUH SHUIRUPHG DW QRUPDO LQFLGHQFH XVLQJ D
VSHFWURSKRWRPHWHU
 /(’FKDUDFWHUL]DWLRQ
)%7ZDVFKRVHQDVWKHKRVWPDWHULDOEHFDXVHLWKDVDYHU\KLJK3/HIILFLHQF\LQ
WKHVROLGVWDWHaDORQJZLWKJRRGVROXELOLW\LQFRPPRQRUJDQLFVROYHQWVDQG
D KLJK HOHFWURQ DIILQLW\ a H9 ZKLFK IDFLOLWDWHV HOHFWURQ LQMHFWLRQ IURP
FRPPRQ FDWKRGHV VXFK DV&D$YHU\ LPSRUWDQW DGGLWLRQDO SURSHUW\ LV WKDW LWV
HPLVVLRQVSHFWUXPRYHUODSVWKHDEVRUSWLRQVSHFWUXPRI WKHOLVVDPLQHVHQVLWLVHU
)LJXUH D VKRZV WKH DEVRUSWLRQ DQG SKRWROXPLQHVFHQFH VSHFWUD RI XQGRSHG
)%7DQG)LJEVKRZV WKHDEVRUSWLRQVSHFWUDRI/V1GLQDSRO\PHUILOP
DQG RI WKH /V1G)%7 EOHQG 7KH ODWWHU VKRZV FRQWULEXWLRQV IURP ERWK )%7
DQG/V1G$VFDQEH VHHQ WKHUH LV FRQVLGHUDEOHRYHUODSEHWZHHQ WKHHPLVVLRQ
)LJXUH  Absorption and photoluminescence emission spectra together with the 
chemical structures of F8BT (a), and of Ls.Nd (b). An absorption spectrum from the 
Ls.Nd/F8BT blend is also shown.
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,QIUDUHGHOHFWUROXPLQHVFHQFHIURPOLVVDPLQHVHQVLWLVHG«  


VSHFWUXPRI)%7DQG WKH DEVRUSWLRQ VSHFWUXPRI/V1GZKLFKPDNHV)|UVWHU
HQHUJ\WUDQVIHUIURPWKHFRQMXJDWHGSRO\PHUWRWKH/V1GFRPSOH[SRVVLEOH
)LJXUHGLVSOD\VWKH(/VSHFWUXPRIWKH/V1GGRSHG/(’VROLGOLQH
7KH OXPLQHVFHQFH DURXQG  QP RULJLQDWHV IURP WKH OLVVDPLQH VHQVLWLVHU
(PLVVLRQ DURXQG  QP IURP WKH 1G

 LRQV LV DOVR FOHDUO\ GHWHFWHGZKHUHDV
HPLVVLRQIURPWKH)%7LVQRW7KHLQWHJUDWHGQPHPLVVLRQLQWHQVLW\RI1G


DPRXQWV WR a RI WKH WRWDO LQWHQVLW\ 1G

 OXPLQHVFHQFH DW   DQG
QPUHVXOWVIURPWUDQVLWLRQVEHWZHHQWKH

)o

,

,DQG

, OHYHOV
UHVSHFWLYHO\ DQG WKXV VWHPV IURP WKH VDPH OXPLQHVFHQFH OHYHO $OO WKUHH
WUDQVLWLRQV KDYH EHHQ REVHUYHG SUHYLRXVO\ IRU WKH 1G

 FRPSOH[HV LQ D
SRO\FDUERQDWHILOP,W LVDVVXPHGWKDW WKHSRO\PHUPDWUL[GRHVQRWKDYHDODUJH
HIIHFWRQWKHEUDQFKLQJUDWLRVRIWKHWUDQVLWLRQVZLWKLQWKH1G

LRQDVWKHLRQLV
VKLHOGHG IURP WKH SRO\PHU E\ WKH FRPSOH[ 6R LI OXPLQHVFHQFH DW  QP LV
REVHUYHG DOVR OXPLQHVFHQFH DW  DQG  QP ZLOO EH SUHVHQW :H ZLOO
FRQFHQWUDWHRQWKHQPWUDQVLWLRQDV WKLVLVPRUHFRQYHQLHQWO\GHWHFWHGZLWK
RXUHTXLSPHQW7\SLFDO LQWHJUDWHG LQWHQVLW\ UDWLRVRI WKH1G

 OXPLQHVFHQFHDUH
QPQPQPDVPHDVXUHGRQ/V1GGRSHGSRO\FDUERQDWH
ZDYHJXLGHV

 8VLQJ WKHVH LQWHQVLW\ UDWLRV DQG WKH HVWLPDWHG 1G OXPLQHVFHQFH
TXDQWXPHIILFLHQF\RILWFDQEHHVWLPDWHGWKDWWKHPDMRULW\RIWKHH[FLWDWLRQ
RQWKHVHQVLWLVHULVWUDQVIHUUHGWRWKH1G

LRQ
)LJXUH  (OHFWUROXPLQHVFHQFH VSHFWUXP RI DQ ,723('27)%7/V1G&D$O
VWUXFWXUH ELDVHG DW  9 a P$FP VROLG OLQH 7KH 1G VLJQDO DURXQG  QP KDV
EHHQ PXOWLSOLHG E\ D IDFWRU  7KH QRLVH LV UHODWHG WR WKH ORZ GHWHFWRU VHQVLWLYLW\ LQ WKH
QHDU LQIUDUHG $Q (/ VSHFWUXP IURP DQ ,723('27)%7&D$O UHIHUHQFH VWUXFWXUH
ZLWKRXW WKH OLVVDPLQH VHQVLWLVHU ELDVHG DW  9 a P$FP

 LV DOVR VKRZQ GRWWHG OLQH
  
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  &KDSWHU


:HDOVRQRWHWKDWDOWKRXJKWKHSUHVHQFHRIWKHOLVVDPLQHOXPLQHVFHQFHLV
XQGHVLUHG IRU QHDU LQIUDUHG DSSOLFDWLRQV LW SURYLGHV D FRQYHQLHQW LH LQ WKH
YLVLEOHUDQJHSUREHRIH[FLWRQIRUPDWLRQDQGUHFRPELQDWLRQDQGDOVRDWRROIRU
GLVFULPLQDWLQJ VLQJOHW DQG WULSOHW WUDQVIHU IURP )%7 WR WKH OLVVDPLQH DV WKH
QP OXPLQHVFHQFH VWHPV IURP WKH VLQJOHW VWDWH RI OLVVDPLQH ZKHUHDV WKH
QP1G

 OXPLQHVFHQFHLVGXHWRHQHUJ\WUDQVIHUIURPWKHWULSOHWVWDWHRIWKH
OLVVDPLQH

 7KH LQFRPSOHWH TXHQFKLQJ RI WKH OLVVDPLQH OXPLQHVFHQFH LV
HYLGHQFH WKDW LQWHUV\VWHP FURVVLQJ ,6& LH VLQJOHWWULSOHW WUDQVIHUZLWKLQ WKH
OLVVDPLQH LV FRPSHWLQJ ZLWK WKH UDGLDWLYH GHFD\ IURP WKH VLQJOHW VWDWH RI
OLVVDPLQH KLVFa

 7KLV VKRZV WKDW WKHUH LV FRQVLGHUDEOH VFRSH IRU
LPSURYHPHQW :H DUH FXUUHQWO\ GHYHORSLQJ PDWHULDOV DQG GHYLFHV DLPHG DW
DFKLHYLQJFRPSOHWHTXHQFKLQJRI WKHVHQVLWLVHUOXPLQHVFHQFHYLDRSWLPLVHG,6&
DQGGLIIHUHQWERQGLQJFRQILJXUDWLRQVEHWZHHQ WKHVHQVLWLVHUDQG WKHFRPSOH[ LQ
RUGHU WR UHGXFH WKHGLVWDQFHEHWZHHQ WKHVHQVLWLVHUDQGWKHUDUHHDUWKHPLWWHU WR
LPSURYH WKH HQHUJ\ WUDQVIHU ,QWHUHVWLQJO\ ZKLOH WKH HOHFWUROXPLQHVFHQFH LQ
µSXUH¶ SRO\PHU /(’V LV OLPLWHG DV LW RULJLQDWHV RQO\ IURP WKH IUDFWLRQ WKDW LV
H[FLWHGLQWRWKHVLQJOHWVWDWHLQWKHSUHVHQW1GGRSHGVWUXFWXUHWKHH[FLWDWLRQRI
ERWKWKHVLQJOHWDQGWULSOHWVWDWHVFDQEHXVHG7KLVLVGXHWRWKHIDFWWKDWWKH1G
LVH[FLWHGYLDWKHWULSOHWVWDWHRIWKHOLVVDPLQHZKLFKLVH[FLWHGYLDWULSOHWWULSOHW
WUDQVIHU IURP WKHSRO\PHU RUYLD LQWHUV\VWHPFURVVLQJ IURP WKH VLQJOHW VWDWHRI
WKHOLVVDPLQH
)LJXUH  &XUUHQWYROWDJH FORVHG FLUFOHV DQG OXPLQDQFHYROWDJH VTXDUHV
FKDUDFWHULVWLFV IRU DQ ,723('27 )%7/V1G&D$O /(' VWUXFWXUH $FWLYH DUHD LV
a PP WKLFNQHVV RI WKH DFWLYH OD\HU LV a QP 7KH LQVHW VKRZV WKH HIILFLHQF\
OXPLQDQFHFXUUHQW DV D IXQFWLRQ RI WKH FXUUHQW GHQVLW\ WKURXJK WKH GHYLFH
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

:KHQPHDVXUHGUHODWLYHWRWKHOLVVDPLQHHPLVVLRQWKH1G

3/HPLVVLRQ
DURXQG  QP LV DERXW  WLPHV KLJKHU WKDQ LQ 3/ H[SHULPHQWV RQ 1GGRSHG
SRO\FDUERQDWHZDYHJXLGHVVHHGDVKHGOLQHLQ)LJE,Q3/H[SHULPHQWVWKH
RSWLFDO H[FLWDWLRQ JHQHUDWHV H[FLWRQV LQ WKH VLQJOHW VWDWH2QO\ WKH IUDFWLRQ WKDW
WUDQVIHUVWRWKHWULSOHWPDQLIROGRIWKHOLVVDPLQHYLD,6&FRQWULEXWHVWRWKH1G


OXPLQHVFHQFH 2Q WKH FRQWUDU\ IRU HOHFWUROXPLQHVFHQFH ZH H[SHFW D ODUJHU
SURSRUWLRQ RI WULSOHW VWDWHV WR EH IRUPHG RQ WKH )%7 DQG SRVVLEO\ RQ WKH
OLVVDPLQH RZLQJ WR WKH IDFW WKDW FKDUJH LQMHFWLRQ LV QRW VSLQSRODULVHG 7KH
PHDVXUHG UDWLREHWZHHQ WKH1GDQG OLVVDPLQHHPLVVLRQ LQ(/DQG3/VXJJHVWV
WKDW WKH UHODWLYH WULSOHWSRSXODWLRQRQ WKH OLVVDPLQH LVDW OHDVW WLPHVKLJKHU LQ
(/WKDQLQ3/
)LJXUH  DOVR VKRZV DQ HOHFWUROXPLQHVFHQFH VSHFWUXP RI D UHIHUHQFH
GHYLFHGRSHGZLWKD1GFRPSOH[ ZLWKRXWWKHOLVVDPLQHVHQVLWL]HUVLPLODUWRWKDW
GHVFULEHGLQ&KDSWHUGRWWHGOLQH7KLVGHYLFHVKRZVFOHDUOXPLQHVFHQFHIURP
WKH)%7ZKLOHQR1G

UHODWHGOXPLQHVFHQFHLVREVHUYHG7KLVLPSOLHVWKDWWKH
OLVVDPLQHVHQVLWLVHUSOD\VDFUXFLDOUROHLQPHGLDWLQJWKHHQHUJ\WUDQVIHUIURPWKH
)%7 KRVW WR WKH 1G

 LRQ HLWKHU DV DQ LQWHUPHGLDWH EHWZHHQ WKH )%7 DQG
OLVVDPLQHZKHUHERWKVLQJOHWVLQJOHWDQG WULSOHWWULSOHW WUDQVIHUFDQRFFXURUDV
DQDQWHQQDWKDWFDSWXUHVH[FLWRQVGLUHFWO\0RUHUHVHDUFKPXVWEHGRQHWRUHVROYH
WKLVLVVXH
)LJXUHGLVSOD\V WKHFXUUHQWDQG OXPLQDQFHYVYROWDJHFKDUDFWHULVWLFV
IRU WKH /V1G GRSHG /(’ 7KH WXUQRQ YROWDJH IRU YLVLEOH HPLVVLRQ 9RQ DW
FGP

 LV a9ZKLFK LV UHODWLYHO\ KLJK FRPSDUHG WR WKDW RI SXUH )%7
VWUXFWXUHV9RUOHVV

7KLVKDVWREHUHODWHGWRWKHORZHIILFLHQF\ZKLFKLV
a PFG$ DV FDQ EH VHHQ LQ WKH LQVHW RI )LJ  7KLV UHVXOWV IURP WKH
VXEVWDQWLDOTXHQFKLQJRIWKHOLVVDPLQHOXPLQHVFHQFHYLD,6&WRWKHWULSOHWVWDWHV
ZKLFKLVERWKGHVLUHGDQGH[SHFWHG+RZHYHUHYHQWKRXJKWKHORZ3/HIILFLHQF\
RI WKH OLVVDPLQH ZKLFK LV PHDVXUHG WR EH  GHSHQGLQJ RQ GHSRVLWLRQ
FRQGLWLRQV PLJKW EH H[SHFWHG WR LQFUHDVH WKH WKUHVKROG ZH QRWLFH WKDW WKH
YROWDJH GHSHQGHQFH RI WKH OXPLQDQFH LV YHU\ VWHHS FORVH WR WKH WXUQRQ :H
FRQVLGHU WKDW WKLV LV DQ LQGLFDWLRQ WKDW WKH /V1G FRPSOH[ DFWV DV D WUDS DQG
UHGXFHV HOHFWURQ DQGRU KROHPRELOLWLHVZLWK UHVSHFW WR WKRVH RI SXUH )%7$
VLPLODU LQFUHDVH RI WXUQRQ YROWDJH KDV EHHQ REVHUYHG IRU VHQVLWLVHG YLVLEOH
HPLWWLQJ ODQWKDQLGH FRPSOH[HV ZLWK D VHQVLWLVHU GRSHG LQWR FRQMXJDWHG
SRO\PHUV

 :H ILQDOO\ QRWH WKDW WKH SUHVHQW GHYLFHV VKRZHG VLJQLILFDQW
GHJUDGDWLRQGXULQJRSHUDWLRQUHVXOWLQJLQDQRSHUDWLQJOLIHWLPHRIDIHZPLQXWHV
 &RQFOXVLRQV
:HKDYHVKRZQHOHFWUROXPLQHVFHQFHDWQPDQGQPIURPDQ)%7OD\HU
GRSHG ZLWK D OLVVDPLQHIXQFWLRQDOLVHG 1G

 FRPSOH[ 7KH OLVVDPLQH VHQVLWLVHU
SOD\V DNH\ UROH LQPHGLDWLQJ WKH HQHUJ\ WUDQVIHU IURP WKHSRO\PHU WR WKH1G


  &KDSWHU


LRQ )URP D FRPSDULVRQ RI WKH 1GOLVVDPLQH HPLVVLRQ LQWHQVLW\ UDWLRV XQGHU
HOHFWULFDOH[FLWDWLRQDQGRSWLFDOH[FLWDWLRQZHFRQFOXGHWKDWHOHFWULFDOH[FLWDWLRQ
OHDGV WR DQ HQKDQFHG JHQHUDWLRQ RI WULSOHW VWDWHV RQ WKH OLVVDPLQH 7KH WXUQRQ
YROWDJHRIWKHVH/V1GGRSHGGHYLFHVLVPXFKKLJKHUWKDQIRUQRQGRSHGSRO\PHU
/(’VLQGLFDWLQJWKDWWKH/V1GFRPSOH[DFWVDVDWUDSUHGXFLQJHOHFWURQDQGRU
KROHPRELOLWLHV)XUWKHUZRUNZLOOIRFXVRQGHYHORSLQJPDWHULDOVZLWKRSWLPLVHG
LQWHUV\VWHP FURVVLQJ DQG HQHUJ\ WUDQVIHU HIILFLHQF\ DQG DSSOLFDWLRQV LQ
HOHFWULFDOO\SXPSHGSRO\PHUZDYHJXLGHRSWLFDODPSOLILHUVRSHUDWLQJLQWKHQHDU
LQIUDUHG
5HIHUHQFHV

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2SWLFDOO\DQGHOHFWULFDOO\
SXPSHGUDUHHDUWKGRSHG
SRO\PHUZDYHJXLGHDPSOLILHUV
2XWORRN


,Q WKLV ILQDO &KDSWHU ZH ZLOO GLVFXVV VRPH LVVXHV WKDW SOD\ D UROH LQ WKH
IDEULFDWLRQRISRO\PHUEDVHGRSWLFDOZDYHJXLGHDPSOLILHUV)LUVWWKHXVHRIUDUH
HDUWK GRSHG RUJDQLF FRPSOH[HV LV UHYLHZHG1H[W (UGRSHG VLOLFD FROORLGV DUH
GLVFXVVHGWKDWFDQRYHUFRPHVRPHRIWKHLQWULQVLFSUREOHPVHQFRXQWHUHGIRUWKH
UDUHHDUWKGRSHGFRPSOH[HV3RVVLEOHVROXWLRQV IRUVRPHRI WKHXQVROYHGLVVXHV
LQWKHSUHSDUDWLRQRIWKH(UGRSHGFROORLGVDUHSUHVHQWHG)LQDOO\WKHIDEULFDWLRQ
LVVXHVIRUDQHOHFWULFDOO\SXPSHGSRO\PHUEDVHGRSWLFDOZDYHJXLGHDPSOLILHUDUH
GLVFXVVHG7KH VWDQGDUG RSWLFDOZDYHJXLGH FRQILJXUDWLRQ DVNV IRUQHZSRO\PHU
PDWHULDOV WKDW DUH WUDQVSDUHQW LQ WKH LQIUDUHG DQG VWLOO KDYH D UHDVRQDEOH
FRQGXFWLYLW\
 2SWLFDOO\SXPSHGUDUHHDUWKGRSHGSRO\PHUDPSOLILHUV
5DUHHDUWKGRSHGRUJDQLFFRPSOH[HV

$V ZH KDYH VHHQ LQ &KDSWHU  DQG  RUJDQLF FDJH FRPSOH[HV FDQ EH XVHG WR
HQFDSVXODWHWKHUDUHHDUWKLRQWKHUHE\PDNLQJLWGLVVROYDEOHLQWRWKHSRO\PHU,Q
WKLVZD\WKHUDUHHDUWKGRSLQJSUREOHPZDVVROYHG+RZHYHUZHDOVRIRXQGWKDW
WKHRSWLFDO WUDQVLWLRQV LQ WKH UDUHHDUWK LRQV DUHTXHQFKHGGXH WR FRXSOLQJZLWK
YLEUDWLRQDO RYHUWRQHV RI &+ DQG 2+ ERQGV LQ WKH FRPSOH[ RU SRO\PHU
  

6XPPDU\

3RO\PHUEDVHG RSWLFDO ZDYHJXLGH DPSOLILHUV RIIHU D ORZFRVW DOWHUQDWLYH IRU
LQRUJDQLF ZDYHJXLGH DPSOLILHUV ’XH WR WKH IDFW WKDW WKHLU UHIUDFWLYH LQGH[ LV
DOPRVWVLPLODUWRWKDWRIVWDQGDUGRSWLFDOILEHUVWKH\FDQEHHDVLO\FRXSOHGZLWK
H[LVWLQJ ILEHUV DW ORZFRXSOLQJ ORVVHV’RSLQJ WKHSRO\PHUZLWK UDUHHDUWK LRQV
WKDW FDQ \LHOG RSWLFDO JDLQ LV QRW VWUDLJKWIRUZDUG DV WKH UDUHHDUWK VDOWV DUH
SRRUO\VROXEOHLQWKHSRO\PHUPDWUL[
7KLVWKHVLVVWXGLHVWZRGLIIHUHQWDSSURDFKHVWRGRSHDSRO\PHUZDYHJXLGH
ZLWK UDUHHDUWKLRQV7KHILUVWRQHLVEDVHGRQRUJDQLFFDJHOLNHFRPSOH[HVWKDW
HQFDSVXODWH WKH UDUHHDUWK LRQDQGDUHGHVLJQHG WRSURYLGHHQRXJKFRRUGLQDWLRQ
VLWHV WR ELQG WKH UDUHHDUWK LRQ DQG WR VKLHOG LW IURP WKH VXUURXQGLQJ PDWUL[
&KDSWHUGHVFULEHVWKHRSWLFDOSURSHUWLHVRI(UGRSHGRUJDQLFSRO\GHQWDWHFDJH
FRPSOH[HV 7KH FRPSOH[HV VKRZ FOHDU SKRWROXPLQHVFHQFH DW  PP ZLWK D
EDQGZLGWK RI  QP WKHKLJKHVW UHSRUWHG IRU DQ HUELXPGRSHGPDWHULDO VR IDU
7KH OXPLQHVFHQFH OLIHWLPH LV YHU\ VKRUW aPV GXH WR FRXSOLQJ WR YLEUDWLRQDO
RYHUWRQHVRI2+DQG&+ERQGV’XHWRWKLVVKRUWOXPLQHVFHQFHOLIHWLPHKLJK
SXPSSRZHUVa:DUHQHHGHGIRURSWLFDOJDLQLQDZDYHJXLGHDPSOLILHUEDVHG
RQWKHVHFRPSOH[HV7KHSXPSSRZHUFDQEHUHGXFHGLIWKH(ULVH[FLWHGYLDWKH
DURPDWLF SDUW RI WKH FRPSOH[ ZKLFK KDV D KLJKHU DEVRUSWLRQ FURVV VHFWLRQ ,Q
&KDSWHUDOLVVDPLQHIXQFWLRQDOLVHGQHRG\PLXPFRPSOH[LVVWXGLHGLQZKLFKWKH
KLJKO\DEVRUELQJOLVVDPLQHDFWVDVDVHQVLWLVHU7KHOLVVDPLQHLVILUVWH[FLWHGLQWR
WKH VLQJOHW VWDWH IURP ZKLFK LQWHUV\VWHP FURVVLQJ WR WKH WULSOHW VWDWH FDQ WDNH
SODFH )URP WKHUH LW FDQ WUDQVIHU LWV HQHUJ\ WR WKH1G LRQ E\ D’H[WHU WUDQVIHU
PHFKDQLVP 5RRPWHPSHUDWXUH SKRWROXPLQHVFHQFH DW   DQG  QP
IURP1GLVREVHUYHGWRJHWKHUZLWKOXPLQHVFHQFHIURPWKHOLVVDPLQHVHQVLWLVHUDW
 QP 3KRWRGHJUDGDWLRQ RI WKH OLVVDPLQH VHQVLWLVHU LV REVHUYHG ZKLFK LV
VWXGLHGLQPRUHGHWDLOLQ&KDSWHU7KHREVHUYHGFKDQJHLQWLPHRIWKHVSHFWUDO
VKDSHRIWKHOLVVDPLQHOXPLQHVFHQFHFDQEHH[SODLQHGE\DVVXPLQJWKDWWZRW\SHV
RIFRPSOH[HVH[LVW2QH W\SH LQZKLFKHQHUJ\ WUDQVIHU WR WKH1G

 LRQFDQ WDNH
SODFHDQGRQHWKDWLVQRWFRXSOHGWR1G7KHKLJKO\DEVRUELQJVHQVLWLVHUPDNHV
WKH VWDQGDUG EXWWHQG FRXSOLQJ RI WKH SXPS OLJKW LQWR D ZDYHJXLGH DPSOLILHU
LPSUDFWLFDO 7KH SXPS SRZHU FDQ EH XVHG PRUH HIILFLHQWO\ E\ XVLQJ D QRYHO
FRXSOHG ZDYHJXLGH V\VWHP DV GHVFULEHG LQ &KDSWHU  7KLV HPSOR\V JUDGXDO
HYDQHVFHQWILHOGFRXSOLQJEHWZHHQSDUDOOHOSXPSDQGVLJQDOZDYHJXLGHV
$QDOWHUQDWLYHDSSURDFKWRPDNHDUDUHHDUWKGRSHGSRO\PHUZDYHJXLGHLV
E\FRPELQLQJWKHH[FHOOHQWSURSHUWLHVRI6L2DVDKRVWIRUWKHUDUHHDUWKZLWKWKH
HDV\ SURFHVVLQJ RI SRO\PHUV 7KH RSWLFDO SURSHUWLHV RI (UGRSHG VLOLFD ILOPV
PDGH E\ DQ DFLGFDWDO\VHG VROJHO V\QWKHVLV DUH UHSRUWHG LQ &KDSWHU  7KH (U
H[KLELWVORQJOXPLQHVFHQFHOLIHWLPHVRIPVZKLFKLQGLFDWHVWKDW2+IURP
WKH ZHW FKHPLFDO V\QWKHVLV LV VXFFHVVIXOO\ UHPRYHG GXULQJ WKH YDFXXP DQQHDO
 6XPPDU\


WUHDWPHQW8VLQJDEDVHFDWDO\VHGVROJHOV\QWKHVLVVLOLFDFROORLGDOVSKHUHVZLWK
GLDPHWHUVRIDQGQPZHUHJURZQ&KDSWHUGHVFULEHVWKHOXPLQHVFHQFH
SURSHUWLHVRIWKHQPVSKHUHVLPSODQWHGZLWK(UXSWRFRQFHQWUDWLRQVRI
DW7KH(UVKRZVDYHU\ORQJOXPLQHVFHQFHOLIHWLPHRIPVDQGWKHUDGLDWLYH
OLIHWLPHLVHVWLPDWHGWREHPVLQGLFDWLQJDKLJKTXDQWXPHIILFLHQF\7KLV
ORQJOXPLQHVFHQFHOLIHWLPHLVSDUWO\GXHWRWKHORZORFDORSWLFDOGHQVLW\RIVWDWHV
’26LQWKHIUHHVWDQGLQJVLOLFDFROORLGV2SWLFDOJDLQFDOFXODWLRQVDUHPDGHIRU
WKH FROORLGSRO\PHU ZDYHJXLGH WKDW SUHGLFWV D QHW JDLQ RI  G% DW D SXPS
SRZHURIP:IRUDFPORQJZDYHJXLGH6XFKDOHQJWKFDQEHUROOHGXSRQ
DQDUHDRIPP

,Q&KDSWHUFDOFXODWLRQVRIWKH’26DUHGHVFULEHGIRUWKLQ
ILOPV DV ZHOO DV WKH VSKHULFDO FROORLGV %\ FRPSDULQJ WKH FDOFXODWLRQ ZLWK
H[SHULPHQWDOO\SUREHGGHFD\UDWHVUDGLDWLYHDQGQRQUDGLDWLYHFRPSRQHQWVLQWKH
GHFD\RI(UDUHGHWHUPLQHG
%HVLGHV RSWLFDO SXPSLQJ RI SODQDU ZDYHJXLGH DPSOLILHUV LW ZRXOG EH
LQWHUHVWLQJ LI HOHFWULFDO SXPSLQJ FRXOG EH DFKLHYHG $V D ILUVW VWHS LQ WKLV
GLUHFWLRQ &KDSWHU  UHSRUWV  QP HOHFWUROXPLQHVFHQFH IURP OLVVDPLQH
IXQFWLRQDOLVHG1GFRPSOH[HVLQDSRO\PHUOLJKWHPLWWLQJGLRGH,WLVVKRZQWKDW
WKHOLVVDPLQHVHQVLWLVHUSOD\VDFUXFLDOUROHLQPHGLDWLQJWKHHQHUJ\WUDQVIHUIURP
WKH FRQMXJDWHG SRO\PHU WR WKH 1G

 LRQ YLD VLQJOHWVLQJOHW DQG WULSOHWWULSOHW
HQHUJ\ WUDQVIHU )LQDOO\ &KDSWHU  JLYHV DQ RYHUYLHZ RI LPSRUWDQW GHYLFH
FRQVLGHUDWLRQVIRU WKHIDEULFDWLRQRIRSWLFDOO\DQGHOHFWULFDOO\SXPSHGSRO\PHU
EDVHGSODQDURSWLFDODPSOLILHUVEDVHGRQWKHQRYHOPDWHULDOVFRQFHSWVGHVFULEHG
LQWKLVWKHVLV
&KDSWHU


’HXWHUDWLRQ RI WKH FRPSOH[ UHGXFHV WKH TXHQFKLQJ E\ D IDFWRU  6WLOO WKH
TXDQWXP HIILFLHQF\ DFKLHYHG LV OHVV WKDQ   ,W VHHPV WKLV LV DQ LQWULQVLF
SUREOHPIRUWKHXVHRIRUJDQLFFRPSOH[HVDQGSRO\PHUKRVWV
$W WKH VKRUW OXPLQHVFHQFH OLIHWLPHV IRXQG YHU\ KLJK SXPS SRZHUV DUH
UHTXLUHGWRDFKLHYHSRSXODWLRQLQYHUVLRQ7KLVSUREOHPZDVVROYHGE\DWWDFKLQJD
KLJKO\ DEVRUELQJ OLVVDPLQH VHQVLWLVHU WR WKH FRPSOH[ 3RSXODWLRQ LQYHUVLRQ FDQ
QRZEHDFKLHYHGDWYHU\ORZSXPSSRZHUVaP:LQWKHZDYHJXLGH+RZHYHU
LWVKRXOGEHQRWHGWKDWWKHJDLQHIILFLHQF\LVORZVLQFHWKDWLVGHWHUPLQHGE\WKH
LQWHUQDO TXDQWXP HIILFLHQF\ RI WKH UDUHHDUWK LRQ2QH SUREOHP IRXQGZLWK WKH
XVH RI WKH OLVVDPLQH VHQVLWLVHU LV WKDW LW H[KLELWV SKRWRGHJUDGDWLRQ XSRQ
LOOXPLQDWLRQ&KDSWHUZKLFK LV WKRXJKW WREHWKHUHVXOWRIDSKRWRR[LGDWLRQ
UHDFWLRQ 7KLV SUREOHP PLJKW EH VROYHG E\ HQFDSVXODWLRQ RI WKH GHYLFHV DQG
IDEULFDWLRQ XQGHU 1 DWPRVSKHUH WR DYRLG 2 FRQWDPLQDWLRQ ’XH WR WKH KLJK
DEVRUSWLRQ RI WKH OLVVDPLQH WUDGLWLRQDO EXWWHQG FRXSOLQJ RI WKH ZDYHJXLGH
DPSOLILHU LV QRW SUDFWLFDO 7KH QHZ FRXSOLQJ VFKHPH XVLQJ D SXPSZDYHJXLGH
SDUDOOHOWRWKHVLJQDOZDYHJXLGHLQWURGXFHGLQ&KDSWHUFDQEHXVHGWRLQFUHDVH
WKHSXPSLQJHIILFLHQF\LQWKHZDYHJXLGH$SXPSSRZHURIa:LVQHHGHGWR
DFKLHYH DQ RSWLFDO JDLQ RI  G% LQ WKH ZDYHJXLGH *LYHQ WKLV SRZHU
SKRWRVWDELOLW\ZLOOEHDNH\SDUDPHWHULQWKHILQDOFKRLFHRIWKHXVHGSRO\PHU


5DUHHDUWKGRSHGVLOLFDFROORLGV

7KH SUREOHP RI &+ TXHQFKLQJ FDQ EH RYHUFRPH E\ XVLQJ (UGRSHG VLOLFD
FROORLGV 7KHVH VLOLFD FROORLGV FDQ EH GLVVROYHG LQ D SRO\PHU WR IRUP WKH FRUH
OD\HURIDSODQDUSRO\PHUZDYHJXLGHDPSOLILHU7KLVFRPSRVLWHPDWHULDOHQDEOHV
KLJKJDLQSURYLGHGWKHLQGH[RIWKHSRO\PHUFDQEHPDWFKHGDFFXUDWHO\ZLWKWKDW
RI WKH FROORLGV <RVKLPXUD HW DO

 KDYH VKRZQ WKDW E\ PL[LQJ IOXRULQDWHG DQG
GHXWHUDWHG 300$ WKH UHIUDFWLYH LQGH[ RI WKH PL[HG SRO\PHU FDQ EH WXQHG
)LJXUH  3ODQDU FP ORQJ RSWLFDO ZDYHJXLGH DPSOLILHU UROOHG XS RQ DQ DUHD RI
a  PP 'XH WR WKH KLJK LQGH[ FRQWUDVW WKDW FDQ EH DFKLHYHG XVLQJ SRO\PHU WHFKQRORJ\ D
VPDOO EHQGLQJ UDGLXV FDQ EH PDGH
2SWLFDOO\DQGHOHFWULFDOO\SXPSHGUDUHHDUWKGRSHG«  


DURXQGZLWKDQDFFXUDF\DQGWKDWWKHUHVXOWLQJPDWHULDOFDQEHXVHG
WR SURGXFH ORZORVV RSWLFDO ZDYHJXLGHV 7KLV FRPELQDWLRQ LV D SURPLVLQJ
FDQGLGDWH DV D SRO\PHU KRVW IRU (U

GRSHG VLOLFD VSKHUHSRO\PHU QDQR
FRPSRVLWHRSWLFDOZDYHJXLGHVDQGJDLQSUHGLFWLRQVVHH&KDSWHUVKRZDYHU\
ORZ VHYHUDOP:SXPS WKUHVKROG IRURSWLFDO JDLQ7R UHGXFH WKH HIIHFW RI FR
RSHUDWLYH XSFRQYHUVLRQ LQWHUDFWLRQV EHWZHHQ H[FLWHG (U LRQV WKH (U
FRQFHQWUDWLRQ LQ WKHFROORLGPXVWEHNHSWEHORZaDW$VDUHVXOWDUDWKHU
ORQJ ZDYHJXLGH a FP LV UHTXLUHG WR DFKLHYH UHDVRQDEOH JDLQ  G% DW
P::HQRWHWKDWGXHWRWKHODUJHLQGH[FRQWUDVWEHWZHHQSRO\PHUFRUHDQG
FODGGLQJ D UDWKHU VPDOO ZDYHJXLGH EHQGLQJ UDGLXV FDQ EH DFKLHYHG )LJ 
VKRZVDZDYHJXLGH VSLUDOJHRPHWU\ LQZKLFKDFPORQJZDYHJXLGH LV UROOHG
XSRQDQDUHDRIRQO\PP




$OWHUQDWLYHPHWKRGVIRU(ULQFRUSRUDWLRQ

7KH (U LRQ LPSODQWDWLRQ H[SHULPHQWV KDYH FOHDUO\ GHPRQVWUDWHG WKDW VLOLFD
FROORLGVIRUPDQLGHDOKRVWIRU(U7KHQH[WVWHSZRXOGEHWRGHYHORSDPHWKRG
E\ZKLFK WKH(U FRXOGEH LQFRUSRUDWHGGLUHFWO\XVLQJ WKHZHW FKHPLFDO SURFHVV
XVHG WR IRUP WKH FROORLGV WKXV DYRLGLQJ WKH LPSODQWDWLRQ VWHS:H KDYH WULHG
VHYHUDODSSURDFKHVWRDFKLHYHWKLV7KHVHH[SHULPHQWVZHUHSHUIRUPHGRQVLOLFD
ILOPV UDWKHU WKDQ FROORLGV XVLQJ D VLPLODU FKHPLFDO SURFHVV DV GLVFXVVHG LQ
5HI


)LUVW ZH KDYH JURZQ D  QP WKLFN VLOLFD ILOP WKDW ZDV WKHQ SXW LQ D
VROXWLRQ RI (U12´+2 DQG DIWHUZDUGV DQQHDOHG DW  q& 5%6 VKRZHG
LQGLFDWLRQV IRU D VPDOO DPRXQW RI (U OHIW DW RU QHDU WKH VXUIDFH EXW QR
SKRWROXPLQHVFHQFHIURP(UDWPPZDVREVHUYHG6HFRQGZHWULHGWKHXVHRI
DDPLQRSURS\OWULHWKR[\VLODQH$36FRXSOLQJDJHQW$QPWKLFNR[LGHILOP
ZDV ILUVW JURZQ VXEVHTXHQWO\ D  WKLFN OD\HU ZDV JURZQ XVLQJ WKH FRXSOLQJ
DJHQWDQGQH[WWKHVDPSOHZDVSXWLQD(U12´+2VROXWLRQ$JDLQDVPDOO
(UFRQWHQWZDVPHDVXUHGRQWKHILOPVXUIDFHXVLQJ5%6EXWQR3/ZDVREVHUYHG
0L[LQJWKH$36ZLWKWKH(UQLWULWHDOVRGLGQRWOHDGWRWKHGHVLUHGUHVXOW)LQDOO\
ZH LQYHVWLJDWHG WKH XVH RI1WULPHWKR[\VLO\OSURS\OHWK\OHQHGLDPLQH WULDFHWLF
DFLG WULVRGLXPVDOW (’7$DPHWKRGWKDWKDVSUHYLRXVO\VKRZQWROHDGWR WKH
LQFRUSRUDWLRQRIPHWDO LRQV LQDQDFLGFDWDO\VHGVROJHOSURFHVV

$JDLQQR(U
UHODWHG3/ZDVREVHUYHGRQWKHVHJURZQILOPV
$VEHFRPHVFOHDUIURPWKLVVXPPDU\ WKHWDVNWRILQGDQRYHOSURFHVVWR
LQFRUSRUDWH(UGXULQJWKHZHWFKHPLFDOUHDFWLRQUHPDLQV7ZRQRYHODSSURDFKHV
FRPH WRPLQGDGLIIHUHQW(USUHFXUVRUVXFKDVHJHUELXPPHWKR[\HWKR[LGH
RU LVRSURSR[LGH

 PD\ EH XVHG RU  DQ HUELXP,,,PHWKDFU\ODWHSRO\PHWK\O
PHWKDFU\ODWH 300$ FRDWLQJ FRXOG EH PDGH DURXQG WKH VLOLFD FROORLGV WKDW
FRXOGWKHQEHFRYHUHGZLWKWKHSXUHR[LGHZKHUHXSRQWKH(UFRXOGEHGLIIXVHG
LQWRWKHFROORLGE\WKHUPDODQQHDOLQJ

&KDSWHU



7KHUPDODQQHDOLQJRI(UFROORLGV

$VVKRZQLQ&KDSWHUWKHUPDODQQHDOLQJLVHVVHQWLDOWRRSWLFDOO\DFWLYDWHWKH(U
LQ WKH LRQLPSODQWHG FROORLGV (YHQ LI D VXFFHVVIXO ZHW FKHPLFDO SURFHVV WR
LQFRUSRUDWH(UZHUHGHYHORSHG WKHUPDODQQHDOLQJZLOO OLNHO\EHQHFHVVDU\2QH
LPSRUWDQWTXHVWLRQ LVZKHWKHUDQQHDOHGFROORLGVFDQDFWXDOO\EH UHGLVSHUVHG LQ
VROXWLRQIRUODWHULQFRUSRUDWLRQLQWKHSRO\PHUZDYHJXLGH)LJXUHEVKRZV
D6(0 LPDJH RI D VXUIDFH FRYHUHGZLWK FROORLGV WKDWZHUH ILUVW GHSRVLWHGRQ D
FDUERQFRDWHG 6L ZDIHU WKHQ DQQHDOHG LQ YDFXXP DW  q& IRU RQH KRXU
XOWUDVRQLFDOO\ OLIWHG IURP WKH VXEVWUDWH DQG WKHQ UHGHSRVLWHG $ UHIHUHQFH
VDPSOHWKDWGLGQRWKDYHWKHDQQHDO WUHDWPHQW LVVKRZQLQ)LJD&OHDUO\
ODUJHU DJJORPHUDWHV RI FOXVWHUV DUH REVHUYHG IRU WKH DQQHDOHG PDWHULDO $W WKH
SUHVHQWFROORLGVL]HXVHGWKHVL]HRIWKHVHFOXVWHUVLVLPSUDFWLFDOIRUDSSOLFDWLRQ
LQ ZDYHJXLGHV 7R UHGXFH WKH VL]H RI WKHVH FOXVWHUV VPDOOHU FROORLGV FRXOG EH
XVHG $OWHUQDWLYHO\ FRUHVKHOO SDUWLFOHV FRXOG EH XVHG WKDW DUH FRPSRVHG RI D
VKHOO WKDW GRHV QRW VLQWHU DW  q& RU WKDW HYDSRUDWHV GXULQJ DQQHDOLQJ WKXV
LVRODWLQJWKHFROORLGVVRWKDWQRVLQWHULQJFDQRFFXU
 (OHFWULFDOO\SXPSHGUDUHHDUWKGRSHGSRO\PHUDPSOLILHUV
2QH RI WKH JUHDW DGYDQWDJHV RI WKH VHQVLWLVHG UDUHHDUWK FRPSOH[HV LV WKH
SRVVLELOLW\RIHOHFWULFDOH[FLWDWLRQ,QWKLVZD\LWEHFRPHVSRVVLEOHWRIDEULFDWHDQ
HOHFWULFDOO\SXPSHGSRO\PHUZDYHJXLGHDPSOLILHURSHUDWLQJLQWKHLQIUDUHG1RWH
WKDW WKHUH LVQRFRQMXJDWHGSRO\PHUNQRZQWKDWHPLWVDW WKHVHZDYHOHQJWKV:H
KDYHVKRZQVHH&KDSWHU WKDWDQDEVRUELQJVHQVLWLVHUJURXSDWWDFKHGWRD1G
FRPSOH[ FDQ WUDQVIHU WKH H[FLWDWLRQ IURP WKH FRQMXJDWHG SRO\PHU WR WKH 1G


LRQ +RZHYHU OXPLQHVFHQFH IURP WKH VHQVLWLVHU LWVHOI ZDV DOVR REVHUYHG 7KH
)LJXUH  6(0 ,PDJHV RI VLOLFD VSKHUHV RQ D 6L VXEVWUDWH 7KH VSKHUHV ZHUH ILUVW
GHSRVLWHG RQ D 6L VXEVWUDWH FRDWHG ZLWK D FDUERQ ILOP WKHQ RQH VDPSOH ZDV XVHG IRU
UHIHUHQFH D DQG RQH ZDV DQQHDOHG DW  R& IRU  KRXU E )LQDOO\ WKH VSKHUHV ZHUH
GLVVROYHG LQ HWKDQRO XVLQJ DQ XOWUDVRQLF EDWK DQG GHSRVLWHG DJDLQ RQ D 6L VXEVWUDWH
ED
2SWLFDOO\DQGHOHFWULFDOO\SXPSHGUDUHHDUWKGRSHG«  


GHYLFHSHUIRUPDQFHFDQEHLQFUHDVHGLIDVHQVLWLVHUFDQEHIRXQGZLWKRSWLPLVHG
LQWHUV\VWHP FURVVLQJ7KH VHQVLWLVHU DQG FRQMXJDWHGSRO\PHUKDYH WREH FKRVHQ
VXFK WKDW WKH HPLVVLRQ RI WKH SRO\PHU RYHUODSV WKH DEVRUSWLRQ VSHFWUXP RI WKH
VHQVLWLVHU
,WVKRXOGEHQRWHGWKDWWKHHOHFWURGHVXVHGLQWKH/(’VLQ&KDSWHUZHUH
QRW RSWLPLVHG IRU WKH LQIUDUHG HPLVVLRQ ZDYHOHQJWK )RU H[DPSOH WKH  QP
WKLFNLQGLXPWLQR[LGHHOHFWURGH,72LQWKDWGHYLFHDEVRUEVRIWKHOLJKWDW
 QP $W D ZDYHOHQJWK RI  PP PRUH WKDQ   RI WKH OLJKW ZRXOG EH
DEVRUEHGLQVXFKDILOP&OHDUO\RSWLPLVDWLRQRIWKH,72FRPSRVLWLRQRUWKHXVH
RI DOWHUQDWLYH PDWHULDOV WKDW WUDQVPLW EHWWHU LQ WKH LQIUDUHG EXW VWLOO KDYH
UHDVRQDEOHFRQGXFWLYLW\VXFKDV&X$O2DQG&X*D2

PXVWEHFRQVLGHUHGWR
LPSURYHWKHLQIUDUHGHPLVVLRQLQWHQVLW\LQWKHVHQRYHOVHQVLWLVHGUDUHHDUWKGRSHG
SRO\PHU/(’V)RUWKHDQRGH$OFDQEHXVHGDVLWKDVDKLJKUHIOHFWLRQa
DWQP
7KH LVVXH RI WUDQVSDUHQW FRQGXFWLQJ HOHFWURGHV EHFRPHV HYHQ PRUH
LPSRUWDQW ZKHQ WKHVH VHQVLWLVHG UDUHHDUWK GRSHG SRO\PHUV DUH XVHG LQ DQ
HOHFWULFDOO\ SXPSHG RSWLFDOZDYHJXLGH DPSOLILHU DV WKH LQWHUDFWLRQ OHQJWKZLWK
WKHHOHFWURGHLQVXFKDGHYLFHLVRQWKHRUGHURIFHQWLPHWHUV)LJXUHVKRZVD
VFKHPDWLFRIVXFKDZDYHJXLGHVWUXFWXUHZLWKDQDFWLYHUDUHHDUWKGRSHGKLJK
UHIUDFWLYH LQGH[ ZDYHJXLGH FRUH HPEHGGHG LQ DQ HOHFWULFDOO\ FRQGXFWLQJ
FODGGLQJ OD\HU ZLWK ORZHU UHIUDFWLYH LQGH[ $Q H[DPSOH RI DQ RSWLFDO PRGH
SURILOH LV DOVR LQGLFDWHG ,Q WKLV JHRPHWU\ LW ZRXOG EH GHVLUDEOH WR XVH WKLFN
ZDYHJXLGHFODGGLQJOD\HUVWRPLQLPLVHWKHLQWHUDFWLRQEHWZHHQWKHRSWLFDOPRGH
DQG WKH HOHFWURGHV $W WKH VDPH WLPH VXFK FODGGLQJ OD\HUV PXVW EH HIILFLHQW
HOHFWURQDQGKROHFRQGXFWRUVLHKDYHKLJKFDUULHUPRELOLWLHV$KROHFRQGXFWLQJ
OD\HUWKDWPD\VXLWWKLVUHTXLUHPHQWLV11¶GLSKHQ\O11¶ELVPHWK\OSKHQ\O
¶ELSKHQ\O¶GLDPLQH 73’ ZKLFK KDV D KROH GULIW PRELOLW\ RI


FP

9V

 ,W LV PRUH GLIILFXOW WR ILQG D JRRG HOHFWURQ FRQGXFWLQJ SRO\PHU
)LJXUH  6FKHPDWLF VWUXFWXUH RI DQ HOHFWULFDOO\ SXPSHG RSWLFDO ZDYHJXLGH DPSOLILHU
$Q H[DPSOH RI DQ RSWLFDO PRGH SURILOH LV DOVR LQGLFDWHG 5HIUDFWLYH LQGLFHV RI WKH UDUHHDUWK
GRSHG FRUH Q DQG HOHFWURQ DQG KROH FRQGXFWLQJ OD\HUV Q Q DUH VXFK WKDW Q! Q Q

Q
Q
HOHFWURGHV
Q
&KDSWHU


DOWKRXJK VRPH SURPLVLQJ UHVXOWV KDYH EHHQ UHSRUWHG IRU R[DGLD]ROH
GHULYDWLYH 3%’

 DQG SRO\SKHQ\O TXLQR[DOLQH 334

 +RZHYHU DOO WKHVH
PDWHULDOVKDYHEHHQXVHGLQYHU\WKLQOD\HUVRIaQP)RUDW\SLFDOFODGGLQJ
OD\HU WKLFNQHVV RI  PP WKH RSHUDWLQJ YROWDJH RI DQ HOHFWULFDOO\ SXPSHG
ZDYHJXLGH DPSOLILHU ZLOO EH KLJKHU WKDQ WKDW IRU WKH /(’ 7KHUHIRUH PRUH
GHWDLOHGVWXGLHVRIWKHRSWLFDOSURSHUWLHVRIHOHFWURQDQGKROHFRQGXFWLQJOD\HUV
DUHUHTXLUHGWRIXUWKHURSWLPLVHWKHSRO\PHUZDYHJXLGHDPSOLILHUGHYLFHGHVLJQ
5HIHUHQFHV


5 <LVKLPXUD 0 +LNLWD 6 7RPDUX DQG 6 ,PDPXUD - /LJKWZ 7HFKQ   

' / - 9RVVHQ 0 - $ GH 'RRG 7 YDQ 'LOOHQ / + 6ORRII & 0 YDQ .DWV 7 =LMOVWUD
( YDQ GHU 'ULIW $ 3ROPDQ DQG $ YDQ %ODDGHUHQ $GY 0DW  2FWREHU   LQ
SUHVV

3 7LHQ DQG /. &KDX &KHP 0DWHU   

* 0LORYD 6 , 1DMDIL $ 6NLUWDFK ' 6LPNLQ DQG 0 3 $QGUHZV 3URF 6RF 3KRWR
2SWLFDO ,QVWUXPHQWDWLRQ   

 ( 6WDXEHU - ' 3HUNLQV 3 $ 3DULOOD DQG ' 6 *LQOH\ (OHFWURFKHP 6ROLG6WDWH /HWW 
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
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
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
6DPHQYDWWLQJ

3ODQDLUHRSWLVFKHYHUVWHUNHUVJHPDDNWRSEDVLVYDQSRO\PHHUWHFKQRORJLHELHGHQ
HHQ JRHGNRRS DOWHUQDWLHI YRRU DQRUJDQLVFKH YHUVWHUNHUV ’RRUGDW WKH
EUHNLQJVLQGH[YDQSRO\PHUHQRQJHYHHUJHOLMN LVDDQGLHYDQVWDQGDDUGRSWLVFKH
JODVYH]HONDEHOV NXQQHQ GH]H YHUVWHUNHUV PHW ODJH NRSSHOYHUOLH]HQ ZRUGHQ
JHNRSSHOG PHW EHVWDDQGH JODVYH]HONDEHOV +HW GRWHUHQ YDQ KHW SRO\PHHU PHW
]HOG]DDPDDUG LRQHQ LV QLHW HHQYRXGLJ RPGDW GH ]HOG]DDPDDUG ]RXWHQ VOHFKW
RSORVEDDU]LMQLQKHWSRO\PHHU
’LWSURHIVFKULIWEHVFKULMIW WZHHYHUVFKLOOHQGHPDQLHUHQRPHHQSRO\PHHU
WHGRWHUHQPHW]HOG]DDPDDUGLRQHQ’HHHUVWHLVJHEDVHHUGRSRUJDQLVFKHNRRL
YRUPLJHFRPSOH[HQGLHKHW]HOG]DDPDDUG LRQRPJHYHQ=H]LMQRQWZRUSHQRP
JHQRHJFR|UGLQDWLHSODDWVHQWHOHYHUHQRPKHW]HOG]DDPDDUGLRQWHELQGHQHQKHW
DI WH VFKHUPHQ YDQ GH RPJHYLQJ +RRIGVWXN  EHVFKULMIW GH RSWLVFKH
HLJHQVFKDSSHQ YDQ HHQ HUELXPJHGRWHHUG NRRLYRUPLJ FRPSOH[ ’H FRPSOH[HV
ODWHQ GXLGHOLMNH IRWROXPLQHVFHQWLH ]LHQ URQG PPPHW HHQEDQGEUHHGWHYDQ
 QP ’LW LV WRW QX WRH GH KRRJVWH JHUDSSRUWHHUGH EDQGEUHHGWH YRRU (U
JHGRWHHUGHPDWHULDOHQ’H OXPLQHVFHQWLHOHYHQVGXXU LV NRUW  PV’LW NRPW
GRRUGDW GH (U RYHUJDQJ NRSSHOWPHW YLEUDWLRQHOH ERYHQWRQHQ YDQ2+ HQ&+
ELQGLQJHQ $OV JHYROJ YDQ GH]H NRUWH OHYHQVGXXU ]LMQ KRJH SRPS YHUPRJHQV
QRGLJ a: RP YHUVWHUNLQJ WH NULMJHQ LQ HHQ RSWLVFKH YHUVWHUNHU JHPDDNW RS
EDVLVYDQGH]HFRPSOH[HQ+HWSRPSYHUPRJHQNDQZRUGHQJHUHGXFHHUGDOVKHW
(UZRUGWJHs[FLWHHUGYLDGHDURPDWLVFKHULQJHQLQKHWFRPSOH[’H]HKHEEHQHHQ
KRJHUH ZHUN]DPH GRRUVQHGH YRRU DEVRUSWLH GDQ KHW (U ]HOI ,Q +RRIGVWXN 
ZRUGW HHQ OLVVDPLQHJHIXQFWLRQDOLVHHUGQHRG\PLXPFRPSOH[EHVWXGHHUGZDDULQ
KHWOLVVDPLQHZHUNWDOVHHQDQWHQQH+HWOLVVDPLQHZRUGWHHUVWJHs[FLWHHUGLQKHW
VLQJOHWQLYHDXZDDUYDQGDDQKHWYLDHHQLQWHUQHRYHUJDQJQDDUGHWULSOHWWRHVWDQG
NDQJDDQ9DQGDDUXLWNDQKHWGRRUPLGGHOYDQ’H[WHURYHUGUDFKW]LMQHQHUJLH
RYHUGUDJHQDDQKHW1GLRQ)RWROXPLQHVFHQWLHYDQ1GELMHQQP
LV ELM NDPHUWHPSHUDWXXU JHPHWHQ DOVPHGH GH OXPLQHVFHQWLH YDQ KHW OLVVDPLQH
URQG  QP +HW OLVVDPLQH YHUWRRQW IRWRGHJUDGDWLH GLH LQ PHHU GHWDLO ZRUGW
EHVFKUHYHQ LQ KRRIGVWXN  ’H JHPHWHQ YHUDQGHULQJ YDQ KHW OXPLQHVFHQWLH
VSHFWUXP LQGH WLMGNDQZRUGHQYHUNODDUGPHWGHDDQZH]LJKHLGYDQ WZHH W\SHQ
FRPSOH[HQ(pQ W\SHGDW HQHUJLHRYHUGUDFKWJHHIW QDDUKHW1G

 LRQHQppQGDW
QLHW PHW KHW 1G JHNRSSHOG LV ’H VWHUNH DEVRUSWLH YDQ GH OLVVDPLQH DQWHQQH
PDDNW GH VWDQGDDUG PHWKRGH YDQ LQNRSSHOHQ YDQ KHW SRPSOLFKW LQ GH
OLFKWJHOHLGHU PLQGHU SUDNWLVFK +HW SRPSYHUPRJHQ NDQ HIILFLsQWHU ZRUGHQ
JHEUXLNW GRRUPLGGHO YDQ HHQQLHXZV\VWHHPYDQJHNRSSHOGH OLFKWJHOHLGHUVGDW
ZRUGWEHVFKUHYHQ LQ+RRIGVWXN’LWV\VWHHPPDDNWJHEUXLNYDQGHNRSSHOLQJ
WXVVHQGHHYDQHVFHQWHYHOGHQYDQWZHHSDUDOOHOOHSRPSHQVLJQDDOOLFKWJHOHLGHUV
6DPHQYDWWLQJ


(HQ DOWHUQDWLHYH DDQSDN RP HHQ ]HOG]DDPDDUG JHGRWHHUGH SRO\PHUH
OLFKWJHOHLGHU WH PDNHQ LV GH XLWVWHNHQGH HLJHQVFKDSSHQ YDQ 6L2 DOV
JDVWPDWHULDDO YRRU (U WH FRPELQHUHQ PHW GH PDNNHOLMNH YHUZHUNEDDUKHLG YDQ
SRO\PHUHQ$OVHHUVWHDDQ]HWZRUGHQ LQKRRIGVWXNGHRSWLVFKHHLJHQVFKDSSHQ
EHVFKUHYHQYDQ(UJHGRWHHUGH6L2ODJHQGLH]LMQJHPDDNWGRRUPLGGHOYDQHHQ
]XXUJHNDWDOLVHHUGH VROJHO V\QWKHVH+HW HUELXPKHHIW HHQ ODQJH OXPLQHVFHQWLH
OHYHQVGXXU YDQ  PV ZDW DDQWRRQW GDW 2+ XLW GH FKHPLVFKH V\QWKHVH
VXFFHVYROLVYHUZLMGHUGWLMGHQVKHWXLWVWRNHQYDQKHWPDWHULDDOLQYDFXXP6LOLFD
EDOOHQ PHW HHQ GLDPHWHU YDQ  HQ  QP ZHUGHQ JHJURHLG LQ HHQ EDVH
JHFDWDOLVHHUGH VROJHO V\QWKHVH +RRIGVWXN  EHVFKULMIW GH OXPLQHVFHQWLH
HLJHQVFKDSSHQYDQGHQPEDOOHQJHwPSODQWHHUGPHW(U WRWHHQFRQFHQWUDWLH
YDQ  DW+HW HUELXP KHHIW HHQ ]HHU ODQJH OXPLQVFHQWLHOHYHQVGXXU YDQ 
PV HQ GH JHVFKDWWH VWUDOHQGH OHYHQVGXXU LV  PV ’LW ZLMVW RS HHQ KRJH
TXDQWXP HIILFLFLsQWLH’H ODQJH OXPLQHVFHQWLH OHYHQVGXUHQZRUGHQ JHGHHOWHOLMN
YHURRU]DDNWGRRUGH ODJH ORNDOHRSWLVFKH WRHVWDQGVGLFKWKHLG LQGHYULMOLJJHQGH
VLOLFD EDOOHQ%HUHNLQJHQ YDQ GHRSWLVFKHYHUVWHUNLQJYDQ HHQ FROORwGSRO\PHHU
YHUVWHUNHUYRRUVSHOOHQHHQQHWWRYHUVWHUNLQJYDQG%YRRUHHQSRPSYHUPRJHQ
YDQP:LQHHQFPODQJH OLFKWJHOHLGHU(HQ OLFKWJHOHLGHUYDQGH]H OHQJWH
NDQZRUGHQ RSJHUROG RS HHQ RSSHUYODN YDQ PP

 ,Q+RRIGVWXN ZRUGW GH
ORNDOH RSWLVFKH WRHVWDQGVGLFKWKHLG EHVFKUHYHQ YRRU GXQQH 6L2 ODJHQ HQ
FROORwGHQ ’RRU GH UHVXOWDWHQ YDQ GH EHUHNHQLQJ WH YHUJHOLMNHQ PHW JHPHWHQ
YHUYDOVQHOKHGHQ NXQQHQ GH VWUDOHQGH HQ GH QLHWVWUDOHQGH YHUYDOFRPSRQHQWHQ
YDQKHW(UZRUGHQEHSDDOG
1DDVW GHPRJHOLMNKHLG YDQ RSWLVFK SRPSHQ LV KHW RRN LQWHUHVVDQW RP WH
RQGHU]RHNHQ RI KHW PRJHOLMN LV GH OLFKWYHUVWHUNHU HOHNWULVFK WH SRPSHQ ,Q
+RRIGVWXN  ZRUGW GH  QP HOHFWUROXPLQHVFHQWLH EHVFKUHYHQ YDQ OLVVDPLQH
JHIXQFWLRQDOLVHHUGH1GFRPSOH[HQ LQHHQSRO\PHUH OLFKWHPLWWHUHQGHGLRGH’H
PHWLQJHQ ODWHQ ]LHQ GDW GH OLVVDPLQH DQWHQQH HHQ FUXFLDOH URO VSHHOW LQ GH
HQHUJLHRYHUGUDFKW YDQ KHW JHFRQMXJHHUGH SRO\PHHU QDDU KHW 1G

 LRQ GRRU
PLGGHO YDQ VLQJOHWVLQJOHW HQ WULSOHWWULSOHW HQHUJLHRYHUGUDFKW 7RW VORW JHHIW
+RRIGVWXN  HHQ RYHU]LFKW YDQ GH DDQGDFKWVSXQWHQ GLH YDQ EHODQJ ]LMQELM GH
IDEULFDJH YDQ SODQDLUH SRO\PHUH RSWLVFKH YHUVWHUNHUV JHEDVHHUG RS GH QLHXZH
PDWHULDOHQ]RDOVGLHLQGLWSURHIVFKULIWZRUGHQEHVFKUHYHQ
  

’DQNZRRUG

$DQDOOHVNRPWHHQHLQGHQ]RRRNDDQGLWSURHIVFKULIW:DWQXQRJ UHVW LVHHQ
RGH DDQ DOOH SHUVRQHQ GLH KHEEHQ ELMJHGUDJHQ DDQ GH WRWVWDQGNRPLQJ YDQ GLW
ERHNMH
$OOHUHHUVWQDWXXUOLMNDDQPLMQSURPRWRU$OEHUW3ROPDQGLHGHDIJHORSHQ
MDUHQDOWLMGYRRUPHNODDUVWRQGHQPHWQDPHGHDIJHORSHQPDDQGHQRQW]HWWHQG
YHHOKHHIWPRHWHQOH]HQ$OEHUWGLW]LMQHFKWGHODDWVWHEODG]LMGHQ,NZLOMHYDQ
KDUWH EHGDQNHQ YRRU GH OHHU]DPH WLMG GLH LN RS KHW $PROI KHE PRJHQ
GRRUEUHQJHQ
’H RSWRHOHFWURQLFPDWHULDOV JURHSPHW *HUODV YDQ GHQ+RYHQ -DQ YDQ
GHU (OVNHQ (GZLQ 6QRHNV 0DUN %URQJHUVPD 3LHWHU .LN 0LFKLHO GH ’RRG
&KULVWRI6WRKK|IHU7HXQYDQ’LOOHQ0DULsOOH/DGHYq]H1LFRODV+DPHOLQ-RVp
GRV 6DQWRV 6WHIDQLD $FFR )UHHN 6X\YHU ’DQLHO 3HWHUV 0LFKDHO +HQVHQ HQ
%DVMDQ%HUNKRXWZDVYRRUPLMGH WKXLVEDVLVJHGXUHQGHPLMQRQGHU]RHN%XLWHQ
GH YHOH QXWWLJH GLVFXVVLHV KDGGHQ ZH RRN DOWLMG HHQ KRRS ORO 6SHFLDOH
KHULQQHULQJHQ KHE LN DDQ GH µ9DUHQQDJDQJHUV¶ 3LHWHU 0LFKLHO &KULVWRI HQ
0DUN(HQIOHVMHZLMQHHQJLWDDUHQKHWNDWWHQVWUDQGMHLN]DOKHWQRRLWYHUJHWHQ
2QPLVEDDU ZDUHQ RRN GH JURHSVWHFKQLFL -RKDQ ’HUNV HQ -DQ WHU %HHN GLH RQV
µPDFKLQHSDUN¶ LQ WRSFRQGLWLHKLHOGHQ*RHGJHUHHGVFKDS LVKHWKDOYHZHUNRRN
LQ KHW RQGHU]RHN ’DDUQDDVW ZLO LN $OIRQV YDQ %ODDGHUHQ HQ $GULDDQ 7LS YDQ
KDUWH EHGDQNHQ YRRU KXQ ELMGUDJH 2RN GH RQGHUVWHXQHQGH DIGHOLQJHQ ZLO LN
KLHUELMEHGDQNHQ
*HGXUHQGH GH DIJHORSHQ WZHH MDDU KHE LN GHHO XLWJHPDDNW YDQ GH
LQVWLWXXWVUDDGFRPPLVVLH(HQ KHOH OHHU]DPHSHULRGHZDDUYRRU LNGH ,5&OHGHQ
YDQKDUWHZLOEHGDQNHQ(QGDQQDWXXUOLMNGH OHGHQYDQGH ,PSXOVUHGDFWLH’H
JH]HOOLJHYHUJDGHULQJHQ]RUJGHQDOWLMGYRRUZHONRPHDIZLVVHOLQJ%HGDQNW
9HUGHU ZDV GDDU GH ]HVZHNHOLMNVH ZHUNEHVSUHNLQJ ELM GH 8QLYHUVLWHLW
7ZHQWH$N]R1REHO HQ ODWHU 3KLOLSV GLH DOWLMG ]HHUGHPRHLWHZDDUGZDV’H
FKHPLVFKH LQEUHQJ YDQ +DQV +RIVWUDDW )UDQN YDQ 9HJJHO 0DQRQ 2XGH
:ROEHUV 6WHYH .OLQN /HQQDUG *UDYH HQ *HUDOG +HEELQN ZHUNWH DOWLMG
LQVSLUHUHQG ’DDUQDDVW ZLO LN %HQQR +DPV EHGDQNHQ YRRU KHW PDNHQ YDQ GH
ZDYHJXLGHV HQ )UDQN *HXUWV HQ 0DUWLMQ :HUWV YRRU KXQ KXOS ELM HHQ DDQWDO
PHWLQJHQ
6SHFLDO WKDQNV DUH GXH WR 5LFKDUG )ULHQG DQG )UDQFR &DFLDOOL IURP
&DPEULGJH8QLYHUVLW\7KHLU HQWKXVLDVWLF UHDFWLRQ WRRXU LGHD UHVXOWHG LQTXLFN
UHVXOWVDQGDEHDXWLIXO&KDSWHULQP\WKHVLV
7RWVORWZLOLNPLMQIDPLOLHEHGDQNHQHQVSHFLDDOPLMQRXGHUV=LMKHEEHQ
PHGRRUGLNHQGXQJHVWHXQGHQZDUHQDOWLMGJHwQWHUHVVHHUGRRNDOEHJUHSHQ]H
ODQJQLHWDOWLMGZDDULNKHWRYHUKDG(QQDWXXUOLMN/pRQ0HWMHQXFKWHUHNLMNRS
]DNHQZLVW MHPHDOWLMGZHHUGHMXLVWHULFKWLQJWHZLM]HQ,HWVZDDULNWRFK]RDI
HQWRHEHKRHIWHDDQKDG
  

&XUULFXOXP9LWDH

/HQQHNH +HQGULND 6ORRII ZHUG RS  DXJXVWXV  LQ 8LWKRRUQ JHERUHQ ,Q
EHKDDOGH]LMKDDU9:2GLSORPDDDQGHRSHQEDUHVFKROHQJHPHHQVFKDS‡KHW
6QHOOLXV· LQ $PVWHOYHHQ ,Q VHSWHPEHU YDQ GDW MDDU EHJRQ ]H DDQ GH VWXGLH
/XFKW HQ 5XLPWHYDDUWWHFKQLHN DDQ GH 7HFKQLVFKH 8QLYHUVLWHLW ’HOIW ,Q DSULO
EHJRQ]LMGHRSOHLGLQJWRW OXFKWYHUNHHUVOHLGHURS6FKLSKROGLH]HLQ
DIEUDN RP QDWXXUNXQGH WH JDDQ VWXGHUHQ LQ 8WUHFKW +DDU DIVWXGHHURQGHU]RHN
YHUULFKWWH ]H LQ GH JURHS YDQ 3URI’U$ 3ROPDQ DDQ KHW )20,QVWLWXXW YRRU
$WRRP HQ 0ROHFXXOI\VLFD LQ $PVWHUGDP ,Q DXJXVWXV  EHKDDOGH ]H KHW
GRFWRUDDOH[DPHQ H[SHULPHQWHOH QDWXXUNXQGH +HW DIVWXGHHURQGHU]RHN RS KHW
JHELHG YDQ RUJDQLVFKH RSWLVFK PDWHULDOHQ ]HWWH ]H YRRUW DOV SURPRYHQGXV ’H
UHVXOWDWHQYDQGDWRQGHU]RHNZRUGHQLQGLWSURHIVFKULIWEHVFKUHYHQ2SMDQXDUL
WUHHGW]HLQGLHQVWYDQKHW(QHUJLHRQGHU]RHN&HQWUXP1HGHUODQG(&1LQ
3HWWHQ DOZDDU ]H RQGHU]RHN JDDW GRHQ DDQ PDWHULDOHQ YRRU SRO\PHUH
]RQQHFHOOHQ
    

/LVWRISXEOLFDWLRQV

7KLVWKHVLVLVEDVHGRQWKHIROORZLQJSXEOLFDWLRQV

2SWLFDOSURSHUWLHVRIHUELXPGRSHGRUJDQLFSRO\GHQWDWHFDJHFRPSOH[HV
/+6ORRII$3ROPDQ032XGH:ROEHUV)&-0YDQ9HJJHO
’15HLQKRXGWDQG-:+RIVWUDDW
-$SSO3K\V

2SWLFDOSURSHUWLHVRIOLVVDPLQHIXQFWLRQDOL]HG1G

FRPSOH[HVLQSRO\PHU
ZDYHJXLGHVDQGVROXWLRQ
/+6ORRII$3ROPDQ6,.OLQN*$.OLQN*$+HEELQN/*UDYH
)&-0YDQ9HJJHO’15HLQKRXGWDQG-:+RIVWUDDW
2SW0DW

&RQFHQWUDWLRQHIIHFWVLQWKHSKRWRGHJUDGDWLRQRIOLVVDPLQHIXQFWLRQDOL]HG1G
FRPSOH[HVLQSRO\PHUZDYHJXLGHV
/+6ORRII$3ROPDQ6,.OLQN*$+HEELQN)&-0YDQ9HJJHO
’15HLQKRXGWDQG-:+RIVWUDDW
6XEPLWWHGWR-2SW6RF$P%

3XPSLQJSODQDUZDYHJXLGHDPSOLILHUVXVLQJDFRXSOHGZDYHJXLGHV\VWHP
/+6ORRII3*.LN$7LSDQG$3ROPDQ
6XEPLWWHGWR-/LJKWZDYH7HFKQ

(IIHFWVRIKHDWWUHDWPHQWDQGFRQFHQWUDWLRQRQWKHOXPLQHVFHQFHSURSHUWLHVRI
HUELXPGRSHGVLOLFDVROJHOILOPV
/+6ORRII0-$GH’RRG$YDQ%ODDGHUHQDQG$3ROPDQ
6XEPLWWHGWR-1RQ&U\VW6RO

(UELXPLPSODQWHGVLOLFDFROORLGVZLWKOXPLQHVFHQFHTXDQWXPHIILFLHQF\
/+6ORRII0-$GH’RRG$YDQ%ODDGHUHQDQG$3ROPDQ
$SSO3K\V/HWW

/RFDORSWLFDOGHQVLW\RIVWDWHVLQ6L2FROORLGDOVSKHUHV
/+6ORRII0-$GH’RRG$3ROPDQ$0RUR]$7LSDQG
$YDQ%ODDGHUHQ
7REHVXEPLWWHG

1HDULQIUDUHGHOHFWUROXPLQHVFHRISRO\PHUOLJKWHPLWWLQJGLRGHVGRSHGZLWKD
OLVVDPLQHVHQVLWL]HG1G

FRPSOH[
/+6ORRII$3ROPDQ)&DFLDOOL5+)ULHQG*$+HEELQNDQG
)&-0YDQ9HJJHO
6XEPLWWHGWR$SSO3K\V/HWW

 

5HODWHGSXEOLFDWLRQV

6HQVLWL]HGQHDULQIUDUHGOXPLQHVFHQFHIURPSROHQGHQWDWHWULSKHQ\OHQH
IXQFWLRQDOL]HG1G

<E

DQG(U

FRPSOH[HV
6,.OLQN*$+HEELQN/*UDYH)&-0YDQ9HJJHODQG
’15HLQKRXGW/+6ORRII$3ROPDQDQG-:+RIVWUDDW
-$SSO3K\V

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